The origin and evolution of intrusive and extrusive carbonatites by Potter, NJ
1 
THE ORIGIN AND EVOLUTION OF INTRUSIVE 
AND EXTRUSIVE CARBONATITES 
Naomi J. Potter 
Bsc. University of Western Australia, 
Bsc. (Hons) University of Tasmania 
School of Natural Sciences (Earth Sciences) 
Submitted in fulfilment of the requirements for the degree of 
Doctor of Philosophy 
University of Tasmania 
May 2019 
 i 












































































































































LIST OF FIGURES AND TABLES 
Figure 1. 1 Map of the Kola Peninsula showing the distribution of the alkaline and carbonatite 
complexes, kimberlite, lamproites and lamprophyres.. .................................................................. 5	
Figure 2. 1 (a) Back scattered electron (BSE) image of the 1993 lava, with nyerereite and 
gregoryite phenocrysts surrounded by the carbonatite groundmass. (b) BSE image of 
khanneshite in the carbonatite groundmass. .................................................................... 17	
Figure 2. 2 BSE image and EDS element maps of the carbonatite groundmass. .................... 17	
Figure 2. 3 BSE images of groundmass textures in the June 1993 lava. ................................. 18	
Figure 2. 4 Electron images of the area mapped with a clear outline of the calcium fluoride 
(CaF) phase.. .................................................................................................................... 19	
Figure 2. 5 BSE images of silicate spheroids in the June 1993 lava. ...................................... 21	
Figure 2. 6 BSE images of silicate and carbonate melt inclusions. ......................................... 23	
Figure 2. 7 Simplified model for the origin of the 1993 lava .................................................. 27	
Figure 3. 1 Backscattered electron (BSE) images of characteristic textures and mineralogy of 
the three main Afrikanda rock types. ............................................................................... 42	
Figure 3. 2 BSE images of textural features in the Afrikanda rocks. ...................................... 43	
Figure 3. 3 Representative BSE images of the various perovskite textures. ........................... 44	
Figure 3. 4 Structural analysis and crystallographic orientation of ......................................... 45	
Figure 3. 5 BSE images of zoning patterns in T2 and T3 perovskite ...................................... 46	
Figure 3. 7 Bivariate plots of LA-ICPMS major- and trace-element chemistry of the 
perovskites. ...................................................................................................................... 48	
Figure 3. 6 Chondrite-normalised REE diagram of the average composition of T1 to T3 
perovskite in the Afrikanda complex. .............................................................................. 49	
Figure 3. 8 Tera-Wasserburg concordia plot for perovskite and titanite analyses. .................. 50	
Figure 3. 9 Age summary of the alkaline ultramafic rocks in the Afrikanda complex.. .......... 51	
Figure 3. 10 BSE images of granoblastic textures. .................................................................. 54	
Table 3. 1 Summary of U-Pb ages of perovskite and titanite from samples of olivinites, 
clinopyroxenites and silicocarbonatites ........................................ Error! Bookmark not defined. 
Figure 4. 1 Simplified geological map of Afrikanda in the Kola Peninsula showing the distribution of 
the silicate and alkaline rock units in the complex. ..................................................................... 75	
Figure 4. 2 Representative images of perovskite texturesthat show variations in inclusion abundance.
 ...................................................................................................................................................... 77	
Figure 4. 3 Polymineralic inclusions in T1 perovskite from clinopyroxenite. ..................................... 81	
Figure 4. 4 Perovskite-hosted polymineralic inclusions in olivinites showing the texture and 
mineralogy. ................................................................................................................................... 82	
Figure 4. 5 Perovskite-hosted polymineralic inclusions in clinopyroxenites showing the texture and 
mineralogy. ................................................................................................................................... 83	
Figure 4. 6 BSE images of selected perovskite-hosted polymineralic inclusions in the 
silicocarbonatites. ......................................................................................................................... 84	
Figure 4. 7 Ternary diagrams showing compositional variations of perovskite-hosted polymineralic 
inclusions in olivinites, clinopyroxenites and silicocarbonatites, measured in weight percent 
(wt.%). .......................................................................................................................................... 85	
Figure 4. 8 BSE images showing the results of heating experiments at 800 °C, 900 °C and 1000 °C..
 ...................................................................................................................................................... 87	
vi 
Figure 4. 9 BSE images of selected magnetite-hosted polymineralic inclusions in the 
silicocarbonatites. ......................................................................................................................... 89	
Figure 4. 10 Summary of main mineral phases observed in the perovskite and magnetite inclusions 
hosted in the three rock types. ...................................................................................................... 91	
Figure 4. 11 BSE image of T2 perovskite grain and EDS elemental maps showing the complex 
zonation patterns within and between individual grains. ............................................................. 96	
Figure 4. 12 A simplified sketch showing the processes involved in the origin of perovskite-hosted 
inclusions and textural transformation of T1 to T3 perovskite in ultramafic rocks ..................... 98	
Table 4. 1 Mineralogy of 50 perovskite-hosted polymineralic inclusions in the olivinites (Olvt), 
clinopyroxenites (Cpxt) and silicocarbonatites (Sct)………………………………………. 80	
Table 4. 2 Mineralogy of 20 magnetite-hosted polymineralic inclusions in the silicocarbonatites. .... 90	
vii 
LIST OF APPENDICES 
Chapter 2 
Appendix 2.1 Methodology 32 
Appendix 2.2 Representative composition tables 35 
Appendix 2.3 Mineral EMPA and EDS data – see digital appendix 36 
Appendix 2.4 EDS and EBSD textural images – see digital appendix 36 
Chapter 3 
Appendix 3.1 Methodology 70 
Appendix 3.2 LAICPMS trace element perovskite data – see digital appendix 72 
Appendix 3.3 U-Pb Chronology data – see digital appendix 72 
Appendix 3.4 Additional EDS images – see digital appendix 72 
Chapter 4 
Appendix 4.1 Methodology 108 
Appendix 4.2 Perovskite-hosted inclusion data – see digital appendix 109 
Appendix 4.3 Magnetite-hosted inclusion data – see digital appendix 109 
Appendix 4.4 Heated perovskite-hosted inclusion data – see digital appendix 109 
Appendix 4.5 Supplementary figures – see digital appendix 109 
viii 
Abstract 
Carbonatites are among the most volumetrically insignificant igneous rocks found at the earth’s surface, 
and over the past century, a general picture has emerged on the composition, origin and evolution of 
carbonatitic magmas, however much remains to be done to fully understand them. Carbonatites are 
characterised by high concentrations of several strategic elements, including rare-earth elements, 
niobium, tantalum, phosphorous, copper, iron and fluorine. Carbonatites are mostly considered to be 
derived from a common parental magma, yet the different types of carbonatites are genetically distinct 
as they form at different depths in the upper mantle and are the result of partial melting, fractional 
crystallization or liquid immiscibility. Carbonatites have also been largely accepted to be associated 
with suites of alkaline igneous rocks and not as single rock units. Understanding the relationship 
between carbonatites and associated silicate rocks is an important aspect in interpreting the mantle to 
crust evolution of carbonatite complexes. Silicate-carbonate immiscibility is currently the leading 
mechanism for the association of coexisting carbonatites and alkaline silicate rocks. The advances in 
microanalytical techniques means that sophisticated mineralogy and melt inclusions methods that have 
been at the centre of many recent petrological and geochemical discoveries can now be applied to these 
complexes and provide important clues to the nature of the magmas that give rise to the genesis of 
carbonatites and the associated economic deposits within alkaline-ultramafic and carbonatitic 
complexes. 
The thesis involves case studies on the 1993 carbonatitic eruption at Oldoinyo Lengai and 
perovskite ore from the Afrikanda alkaline-ultramafic complex. The studies build on, and expand, the 
use of petrography and mineralogy of carbonatites and associated alkaline silicate rocks to further the 
understanding of the genesis of carbonate-silicate melts and seeks to address petrological, geochemical 
and economic enigmas of extrusive and intrusive carbonatitic magmas. The goals of this thesis are to 
(1) understand the differentiation processes involved in the evolution of the carbonatites (2) determine
the composition of the melt prior to emplacement and during magma ascent and (3) understand the
genesis of the Oldoinyo Lengai lava and the perovskite ore in the Afrikanda alkaline-ultramafic
complex. These goals are addressed by investigating the petrology and geochemistry of minerals and
melt inclusions in the carbonatites and associated silicate rocks.
The rarity and difficulty in capturing definitive evidence of liquid immiscibility within magmas 
has posed a challenge for researchers, as intrusive carbonatite rocks are commonly affected by 
crystallisation and post-magmatic alteration. Liquid immiscibility is currently understood to be the 
underlying process for the generation of carbonatite magmas from a parental alkaline silicate magma at 
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crustal depth, and is possibly the only magmatic process that can explain the association of coexisting 
carbonatites and alkaline silicate rocks. Therefore, petrological and mineralogical studies on extrusive 
carbonatites, like Oldoinyo Lengai, are necessary to understand the genetic history of carbonatitic 
magmatism. The texture and mineralogy of the 1993 lava presents evidence of immiscibility between 
silicate, carbonate, chloride, and fluoride melt phases through textural features preserved in the silicate 
spheroids, melt inclusions, and carbonatite groundmass. The melt inclusions and silicate spheroids 
present evidence of silicate-carbonate and carbonate-carbonate immiscibility, while the groundmass 
shows evidence of carbonate-carbonate and carbonate-halide immiscibility. The rapid quenching of the 
lava facilitates the preservation of the end products of these immiscibility processes within the 
groundmass. The mineralogy and melt inclusion study at Oldoinyo Lengai provides confirmation that 
liquid immiscibility is responsible for the formation of natrocarbonatites. Textural evidence (at both 
macro- and micro-scales) also indicates that the formation of this natrocarbonatite lava did not occur as 
a simple single-stage process, and that multi-stage liquid immiscibility is a major factor in the 
petrogenesis of the lava. Therefore, although immiscibility is a common phenomenon in silicate 
magmas, we can identify evidence of unmixing through melt inclusion and groundmass studies of 
preserved extrusive carbonatites. The identification of carbonate-carbonate and carbonate-halide 
immiscibility within the natrocarbonatite lava shows that different types of liquid immiscibility, other 
than silicate-silicate and silicate-carbonate, can occur in natural magmas.  
The Afrikanda alkaline-ultramafic complex is one of the smallest intrusions in the Devonian 
Kola Alkaline Province (KAP). The KAP in NW Russia is one of the largest carbonatite provinces in 
the world and hosts more than twenty plutonic and subvolcanic bodies, including alkaline, ultramafic, 
carbonatite, and melilitolite suites. Many of these complexes host ore deposits, with active mines at 
Kovdor (apatite-magnetite ore), Lovozero (loparite-ore) and Khibiny (nepheline-apatite ore). The 
concentric internal structure of the Afrikanda complex hosts olivinites and clinopyroxenites, cross-cut 
by minor intrusions of carbonatitic rocks with the ultramafic rocks hosting large stock-like bodies of 
perovskite-titanomagnetite ores. Perovskite-rich segregations are only found in alkaline-ultramafic 
complexes. Understanding the formation of the perovskite-rich segregations at Afrikanda is important 
for understanding the source and early history of the silicate and carbonatitic magmas. Afrikanda is 
assumed to be a magmatic complex, with the intrusive ultramafic rocks derived by partial melting of a 
metasomatised lithospheric source to produce a Ca-rich melanephelinitic magma, and the later 
carbonatites from an alkaline silica-rich carbonatitic magma that intruded the earlier-formed ultramafic 
rocks. The study investigates the mechanisms responsible for the development of the perovskite-rich 
segregations through a detailed textural and chemical analysis of the perovskite and perovskite- and 
magnetite-hosted inclusions within the ultramafic rocks (olivinites and clinopyroxenites) and 
carbonatites of the Afrikanda alkaline-ultramafic complex. Additionally, U-Pb geochronology was 
combined with major and trace element geochemistry to support the contemporaneous emplacement of 
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the various rock types in the Afrikanda complex. Across the perovskite-rich lithologies, we classified 
perovskite into three types (T1-T3) based on crystal morphology, inclusion abundance, composition, 
and zonation. Perovskite in olivinites and some clinopyroxenites is represented by clusters and networks 
of fine-grained, equigranular grains with abundant polymineralic inclusions (T1). In contrast, perovskite 
in other clinopyroxenites and some silicocarbonatites are coarse-grained with rare polymineralic 
inclusions with interlocked (T2) and massive (T3) textures. The polymineralic inclusions in perovskite 
and magnetite contain a variety of silicate, hydrous silicate, carbonate, oxide, sulphide and phosphate 
minerals. The unexpected mineralogy of the polymineralic inclusions raised several questions about the 
genesis of the alkaline complex. The difficulty in explaining the presence and composition of the 
inclusions in perovskite is associated with the occurrence of both magmatic and recrystallization 
processes in the complex. The study of the perovskite textures and perovskite- and magnetite-hosted 
inclusions revealed that perovskite has a magmatic origin but the formation of the polymineralic 
inclusions and the development of massive ore textures is associated with post-magmatic processes. 
Therefore, a non-magmatic model has been developed to explain the genesis of perovskite-rich 
segregations in the Afrikanda alkaline-ultramafic complex.   
In this model, we propose that the polymineralic inclusions in perovskite formed by trapping 
the surrounding material between perovskite grains during post-magmatic coalescence at subsolidus 
temperatures. The continuation of the sintering process resulted in the coarsening of inclusion-rich 
subhedral perovskite into inclusion-poor anhedral and massive perovskite. Initial crystallisation of 
perovskite from the magma results in disseminated euhedral crystals enclosed by larger silicate, 
carbonate and oxide minerals. During subsolidus cooling these small, randomly orientated grains 
accumulate together and develop into loosely packed aggregates of perovskite. As these grains coalesce, 
varying amounts of interstitial material are trapped between the inclusion-free grains. These densely-
packed perovskite grains undergo textural equilibration to form aggregates of perovskite with the 
external and internal appearance of a single crystal with internal inclusions. Therefore, the development 
of polymineralic inclusions is associated with the magmatic crystallisation of perovskite, textural re-
equilibration and sintering. These perovskite grains then link together and form clusters and chains, 
with the granoblastic-polygonal texture associated with T1 perovskite. The progressive transition of T1 
perovskite to T2 and T3 perovskite involves grain rotation and coalescence of these small equilibrated 
T1 polygonal clusters and results in the formation of larger anhedral polycrystalline mosaics (T2). In 
some areas, the continued consolidation and coarsening transforms the large polycrystalline perovskite 
into massive perovskite. Thus, the progressive development of clusters and networks of fine-grained 
perovskite crystals (T1) to mosaics of coarse-grained and massive perovskite (T2 and T3) in the 
ultramafic rocks is due to post-magmatic textural re-equilibration and re-crystallisation.  
A combination of characteristic features identified in the Afrikanda perovskite (equigranular 
crystal mosaics, interlocked irregular-shaped grains, massive textures, grain coarsening and the loss of 
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polymineralic inclusions) are observed in chromite and magnetite layers in various igneous complexes, 
such as Bushveld, Fiskenaesset, Oman and Panzhihua, mantle-derived lherzolites and magnesian-
ilmenite xenolith in kimberlites. No conclusive model has been proposed to explain the ore distributions 
and textural transformations observed in these oxide mineral deposits. Traditionally, the formation of 
oxide-rich seams, bands, stringers and layers has been linked to magmatic processes. Perovskite, 
chromite and magnetite deposits share textural features that could imply that their development 
involved similar mechanisms. The comprehensive study completed on the perovskite-rich zones in the 
three primary rock types at the Afrikanda alkaline-ultramafic complex, as well as additional evidence 
provided by studies on oxide deposits we can propose that the initial crystallisation of oxide minerals 
(whether magmatic or not) is followed by their textural re-equilibration at subsolidus temperatures. This 
re-equilibration produces perceptible changes in the morphology, size, orientation and compositional 
homogeneity of oxide mineral grains. From an exploration standpoint, the most important outcome of 
these processes is the accumulation of early-formed crystals into high-density oxide-rich zones and their 
coarsening and “purification” to form high-grade mineralized zones.  
The study of carbonatites and associated silicate rocks at Oldoinyo Lengai and Afrikanda has 
shown the diversity in the genesis of carbonatites and the impact of different magmatic and post-
magmatic processes on carbonatites. The mineralogy, textures and melt inclusions at Oldoinyo Lengai 
have shown that liquid immiscibility can be responsible for the formation of extrusive natrocarbonatites 
and can occur between multiple phases are different stages during a single eruption. The identification 
of carbonate-carbonate and carbonate-halide immiscibility within the lava supports that different types 
of liquid immiscibility, other than silicate-carbonate, can occur in carbonatites. The study at Afrikanda 
highlighted the textural and mineralogical complexity of carbonatites associated with silicate rocks in 
alkaline-ultramafic complexes, and provides a new perspective on the genesis of rare perovskite ore 
within carbonatite complexes. Textural similarities observed between perovskite ore from Afrikanda 
and oxide layers in various igneous complexes suggests that post-magmatic processes proposed for the 
development of perovskite may have facilitated the development of monomineralic layers in other oxide 
deposits around the world. 
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Carbonatites are among the most volumetrically insignificant igneous rocks found at the Earth’s surface, 
yet they provide critical information and insight on the chemical evolution of the subcontinental upper 
mantle, that is rivalled by few other rock types (Bell, 2001). Carbonatites are defined as igneous rocks 
containing more than 50% carbonate minerals (Streckeisen, 1980). These rocks range in age from 
Archean to present day (Woolley and Kjarsgaard, 2008) and are mostly located within stable, intra-
plate settings, often found in the peripheral regions of orogenic belts that have an apparent link to plate 
separation or orogenic events (Bell et al., 1998; Le Bas, 1987; Veizer et al., 1992). carbonatites are 
dominated by carbonate minerals, yet over 280 minerals are found in carbonatites worldwide 
highlighting the exotic diversity in the composition of carbonatites. Many are characterised by high 
concentrations of incompatible elements, distinctive igneous isotopic ratios and late-stage rare-earth 
element and fluorite mineralization. Late-stage mineralisation can enrich carbonatites in key elements 
of economic interest, including rare-earth elements, niobium, uranium and tantalum (Ingrid, 1998; 
Richardson and Birkett, 1996). 
The origin and genesis of carbonatitic magmas has been a matter of discussion for many 
decades. Isotopic studies and the presence of mantle debris in carbonatites have established that parental 
magmas are ultimately derived from the mantle (Woolley, 2003; Woolley and Church, 2005). But, the 
main ongoing debate is whether they originate as a direct product of partial melting of mantle material, 
such as a carbonate-bearing peridotite (Bailey, 1993; Dalton and Wood, 1993; Ghosh et al., 2009; 
Woolley, 2003; Wyllie, 1989; Ying et al., 2004), or from a series of magmatic differentiation processes 
at shallow depths, such as silicate-carbonate liquid immiscibility or fractional crystallisation (Brooker 
and Kjarsgaard, 2011; Church and Jones, 1995; Dawson, 1998; Freestone and Hamilton, 1980; Lee and 
Wyllie, 1998; Wyllie, 1988).  
Liquid immiscibility is widely recognised as one of the processes that generate carbonatites 
from silica undersaturated parental magmas at crustal depth, and is possibly the only magmatic process 
that can explain the association of coexisting carbonatites and alkaline silicate rocks (Barker, 1989; 
Kjarsgaard and Hamilton, 1989a; Le Bas, 1989; Wyllie, 1989; Wyllie et al., 1990). Liquid immiscibility 
involves the simultaneous removal of carbonate liquid and silicate minerals from the parent magma 
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(Kjarsgaard and Hamilton, 1988; Le Bas, 1989). Experimental studies have established that 
immiscibility between sodium-rich carbonatite and silicate magmas can occur over a wide range of 
pressures (Freestone and Hamilton, 1980; Hamilton and Kjarsgaard, 1993; Kjarsgaard and Hamilton, 
1989b; Van Groos, 1975; Wyllie et al., 1990). The onset of liquid immiscibility is determined by the 
initial carbonate content of the parent magma (Ray, 1998). Changes to the temperature and pressure 
alters the composition of the carbonate liquid during separation from the alkaline silicate liquid, as 
observed in experimental work by Hamilton et al. (1979). Gittins (1989) argues that fractional 
crystallisation is unable to produce the high Nb, REE and other incompatible trace element 
characteristics of carbonatites, and that there is not enough CO2 in the parental silicate melts to enable 
the volume associated with carbonatites. There have been several experimental studies that propose that 
crystal-liquid fractionation coupled with liquid immiscibility is capable of generating a spectrum of 
silicate magmas, from parental melilitite to differentiated phonolite, that coexist with immiscible 
carbonatite melts, ranging from sovite to natrocarbonatites (Brooker and Hamilton, 1990; Kjarsgaard 
and Hamilton, 1989a; Kjarsgaard and Hamilton, 1988, 1989b).  
There are over 280 minerals known to occur in the various types of carbonatites identified all 
over the world, reflecting the exotic diversity of carbonatite compositions. According to the IUGS 
Subcommission on the Systematics of Igneous Rocks (Le Maitre, 2002, p. 10) the variety of carbonatites 
are separated into four main types based on the chemical classification and dominant carbonate 
component. 1. Calciocarbonatites, where the main carbonate is calcite, also known as calcite-carbonatite 
or sövite (if the rock is coarse-grained) or alvikite (if the rock is medium- to fine-grained). 2. 
Magnesiocarbonatites, where the main carbonate is dolomite, also known as dolomite-carbonatite. 3. 
Ferrocarbonatites, where the main carbonate is iron-rich. 4. Natrocarbonatites, where the rock is 
composed almost entirely of sodium, potassium and calcium carbonates. An additional classification of 
carbonatite is the silicocarbonatite, where the SiO2 content of the rock is more than 20 percent (Le 
Maitre, 2002).  
Calciocarbonatites represent the highest proportion of carbonatites found at the Earth’s surface 
and are identified in extrusive and intrusive environments, with plutonic calciocarbonatites being more 
common (Woolley and Kjarsgaard, 2008). Calciocarbonatites are likely generated through various 
differentiation processes (Bailey, 1993). Magnesiocarbonatites are interpreted to be directly from the 
mantle, based on the entrained peridotite xenoliths and the absence of associated silicate magmas 
(Bailey, 1993). Ferrocarbonatites are rare and the origin of these carbonatites is still unknown, 
Kjarsgaard and Hamilton (1988) proposed that ferrocarbonatites reflect residual liquids that remained 
after crystal fractionation at low oxygen fugacities, enabling the iron to concentrate in the melt. 
Natrocarbonatites are the youngest manifestation of carbonatitic igneous activity and are chemically 
distinct from other lava compositions by their enrichment in Na2O and K2O (~40 wt.%), high fluoride 
and chloride contents (4-5 wt.%) but relatively low Ca, Mg and Fe contents (Dawson, 1962; Nielsen 
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and Veksler, 2002). The differences in these carbonatite compositions shows that the origin of each 
carbonatite must be judged on their own characteristics. 
The evolution of carbonatitic magmas in the crust is known to be the most complex of all 
magma types. The wide array of carbonatite compositions and geological settings question the 
likelihood that all carbonatites originate from the same place (e.g. mantle or lithosphere) or result from 
the same petrogenetic process (e.g. liquid immiscibility or crystal fractionation). Over the past century, 
a general picture has emerged on the composition, origin and evolution of carbonatitic magmas, 
however much remains to be done to fully understand them. 
 
1.1 Extrusive carbonatites 
Extrusive carbonatites are composed of soluble carbonates that are easily weathered and rarely 
preserved in the geological record. Yet, fresh or preserved natrocarbonatites (e.g. recent volcanic 
eruptions) can provide significant genetic information about carbonatite magmatism that cannot be 
obtained by intrusive carbonatites due to post-magmatic alteration. The only active extrusive 
carbonatite volcano on Earth is Oldoinyo Lengai, situated in the Gregory Rift Valley in northern 
Tanzania. Oldoinyo Lengai has been steadily erupting alkali-rich natrocarbonatites for over 50 years.  
Oldoinyo Lengai natrocarbonatites provided the first indication of a genetic link between 
carbonatites and alkaline silicate magmas, due to the transition of Oldoinyo Lengai from alkaline 
nephelinitic magmas to carbonatitic magmas (Clarke and Roberts, 1986; Dawson, 1998; Dawson et al., 
1996; Deans and Roberts, 1984; Kjarsgaard et al., 1995). Liquid immiscibility is the proposed 
mechanism responsible for the generation of carbonatitic magma from a parental silicate magma at 
crustal depth, and is the most likely magmatic process that can explain the association of coexisting 
carbonatites and alkaline silicate rocks in intrusive and extrusive settings (Barker, 1989; Kjarsgaard and 
Hamilton, 1989a; Le Bas, 1989; Wyllie, 1989; Wyllie et al., 1990). The formation of carbonatites 
through silicate-carbonate immiscibility has been observed in experimental studies (Brooker, 1998; 
Brooker and Hamilton, 1990; Kjarsgaard and Hamilton, 1989b; Minarik, 1998) and petrographic and 
geochemical studies in natural samples (Le Bas, 1977; Panina and Motorina, 2008; Potter et al., 2017; 
Shastry and Kumar, 1995).  Experimental studies established that immiscibility between sodium-rich 
carbonatites and silicate magmas can occur over a wide range of pressures and temperatures (Freestone 
and Hamilton, 1980; Hamilton and Kjarsgaard, 1993; Kjarsgaard and Hamilton, 1989b; Van Groos, 
1975; Wyllie et al., 1990). However, definitive evidence is limited in natural samples to support liquid 
immiscibility within magmas, as carbonatites are commonly affected by crystallisation and post-
magmatic alteration. Consequently, the process of liquid immiscibility in carbonatites and its role in 
magmatic differentiation has been overlooked.  
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Oldoinyo Lengai natrocarbonatites may not be as unique, with the weathered remnants of 
natrocarbonatite lavas and tuffs uncovered in the east African Rift (Deans and Roberts, 1984; Hay, 
1983; Clarke and Roberts, 1986; Guzmics et al., 2011; Turner, 1988; Zaitsev and Keller, 2006) and 
Catanda in western Angola (Campeny et al., 2015; Giuliani et al., 2017). Natrocarbonatite lavas and 
tuffs at these locations have been leached by meteoric water, causing the alkalis to be removed and the 
original platy nyerereite to be replaced by calcite, which then metasomatises the surrounding wall rocks 
(fenitization) (Bailey, 1993; Baker and Nixon, 1989). The identification of these occurrences 
throughout the geological record indicates that natrocarbonatite volcanos like Oldoinyo Lengai have 
existed and that natrocarbonatites may represent a parental magma for other carbonatites. The post-
magmatic alteration of intrusive carbonatite complexes means that limited evidence has been found of 
a genetic relation between the natrocarbonatite chemistry and the calcite-rich carbonates observed in 
volcanic and subvolcanic complexes around the world (Keller and Zaitsev, 2006). It is unlikely that the 
world’s only active carbonatite volcano is unrelated to all other carbonatites in the geological record, 
and more likely that in the past carbonatite volcanoes like Oldoinyo Lengai have been altered and 
weathered and no longer resemble natrocarbonatites. A greater understanding of the link between 
intrusive and extrusive carbonatites is necessary to determine whether natrocarbonatites are a parental 
magma to other extrusive and intrusive carbonatite complexes around the world.  
 
1.2 Intrusive alkaline-ultramafic and carbonatite complexes  
Intrusive carbonatites are often spatially associated with a large range of silica-undersaturated alkaline 
igneous rocks (e.g. ijolite, melteigite, melilitolite, urtite, nepheline syenite and pyroxenite), mostly in 
concentrically zoned alkaline complexes, with some forming isolated dykes and sills, small plugs and 
lavas. As previously mentioned, chemical similarities between silicate phases in carbonatites and the 
associated silicate rocks have been used in the past to support a genetic relationship between 
carbonatites and silicate melts through liquid immiscibility (Cooper and Reid, 1998; Kjarsgaard and 
Hamilton, 1988; Kogarko et al., 1995) and crystal fractionation (Simonetti and Bell, 1994; Peterson, 
1989). A wide variety of commodities have been exploited from carbonatites and associated alkaline 
rocks including rare earth elements, niobium, phosphate, iron, titanium, vermiculite, barite, fluorite, 
copper, calcite, and zirconium. Other elements enriched in these deposits are manganese, strontium, 
tantalum, thorium, vanadium, and uranium. Multiple stages of igneous activity and metasomatic 
replacement are often necessary to produce the localized ore mineral concentrations (Chakhmouradian 
and Zaitsev, 2012; Verplanck et al., 2014; Wall and Mariano, 1995; Xie et al., 2009). Provinces of 
alkaline rocks with clustered carbonatite intrusions are found in eastern Canada, northern Scandinavia, 
southern Brazil, East African Rift zones and the Kola Alkaline Province in Russia.  
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The Kola Alkaline Province (KAP) in NW Russia and eastern Finland hosts more than twenty 
alkaline-ultramafic rock complexes and is one of the largest carbonatite provinces in the world (Fig. 
1.1; Kramm et al., 1993). The timing of alkaline and carbonatitic magmatism of the KAP has been 
studied extensively and is within the range of 410-362 Ma (Kramm and Sindern, 2004; Reguir et al., 
2010). Many aspects of the geology of the KAP continue to generate impassioned scientific debates. A 
current dispute is the genesis and evolution of Ca-rich silicate rocks that are associated with 
carbonatites. The study of Ca-rich silicate rocks in the alkaline-ultramafic complexes could provide 
insight to the unknowns concerning the source and evolution of the carbonatitic magmas. 
 
 The Afrikanda alkaline-ultramafic complex is the smallest complex in the KAP and is 
composed of texturally and modally diverse olivinites and clinopyroxenites, cross-cut by intrusions of 
carbonatitic and foiditic rocks. Afrikanda is largely assumed to be a magmatic complex, with the 
intrusive ultramafic rocks derived by partial melting of a metasomatised lithospheric source to produce 
a Ca-rich melanephelinitic magma, and the later carbonatites derived from an alkaline silica-rich 
carbonatitic magma that intruded the earlier-formed ultramafic rocks (Chakhmouradian and Zaitsev, 
2004). The sodic alkaline nature of the carbonatite magmatism at Afrikanda and the similarities in the 
compositional and evolutionary trends of the plutonic ultramafic rocks at Afrikanda and Oldoinyo 
Lengai, have led to the hypothesis that the currently exposed lopolith at Afrikanda may have served as 
a feeder for a natrocarbonatite volcano similar to Oldoinyo Lengai (Chakhmouradian and Zaitsev, 
Figure 1. 1 Map of the Kola Peninsula showing the distribution of the alkaline and carbonatite complexes, 
kimberlite, lamproites and lamprophyres. (after Bell and Rukhlov, 2004 and Zaitsev et al., 2014). 
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2004). This comparison makes the complex an important location for understanding the link between 
intrusive and extrusive volcanism. 
The ultramafic rocks in the Afrikanda complex host large stock-like bodies of perovskite-
titanomagnetite ores enriched in rare earth elements (Yudin and Zak, 1971) and characterized by high 
amounts of titanium-oxide (8.5-18 %) and total iron (11-18 %) (Herz, 1976). Many complexes in the 
KAP host ore deposits, with active mines at Kovdor (apatite-magnetite ore), Khibiny (nepheline-apatite 
ore) and Lovozero (loparite-ore). However, the Afrikanda alkaline-ultramafic complex along with 
Powderhorn, USA and Tapira, Brazil are the only known titanium deposits where the primary titanium-
bearing mineral is perovskite. All three are alkaline-carbonatite complexes hosting pyroxenites that 
contain perovskite-rich segregations and dikes (Armbrustmacher, 1981; Brod et al., 2013; Yudin and 
Zak, 1971). The rarity of perovskite ore deposits has prevented an understanding of their genesis due to 
the limited attention from the academic community. Understanding the formation of the perovskite-rich 
segregations at Afrikanda is important for understanding the source and early history of the silicate and 
carbonatitic magmas. 
 
1.3 Research aims  
The thesis involves case studies on the 1993 carbonatitic eruption at Oldoinyo Lengai and perovskite 
ore from the Afrikanda alkaline-ultramafic complex. The studies build on, and expand, the use of 
petrography and mineralogy of carbonatites and associated alkaline silicate rocks to further the 
understanding of the genesis of carbonate-silicate melts and seeks to address petrological, geochemical 
and economic enigmas of extrusive and intrusive carbonatitic magmas. To do this the following aims 
are addressed:   
(1) Identify the mineral constituents and the major and trace element compositions of the minerals 
and melt inclusions in the rocks, using various microanalytical techniques, such as SEM, 
electron microprobe and LA-ICPMS.  
(2) Determine the differentiation processes involved in the evolution of the carbonatites and 
understand the impact these processes had on the genesis of the alkaline complexes. 
(3) Gain an insight into the composition of the melt prior to emplacement and the evolution of the 
melt during magmatic ascent. 
(4) Integrate the petrological, mineralogical and geochemical data into a model regarding the 
genesis of Oldoinyo Lengai carbonatites and provide a new perspective on the genesis of the 
perovskite ore in the Afrikanda alkaline-ultramafic complex.  
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1.4 Thesis structure 
Following the introductory chapter, the results are presented in three research chapters focusing on the 
processes involved in the formation of carbonatite lavas and mineralisation in carbonatite related-ore 
deposits. The chapters are presented as papers that have been published or currently under review in 
peer-reviewed scientific journals. The papers have been reformatted for this thesis but the content has 
not been altered from the published form. A summary of the research chapters and their relevance to 
the overall aims of this study are as follows: 
 
Chapter 2 
Potter, NJ. Kamenetsky, VS. Simonetti, A. Goemann, K. 2017. Different types of liquid immiscibility 
in carbonatite magmas: A case study of the Oldoinyo Lengai 1993 lava and melt inclusions. Chemical 
Geology. 455. 376-384. 
 
The study investigates the texture and mineralogy of the June 1993 lava at Oldoinyo Lengai, and 
presents petrographic evidence of liquid immiscibility between silicate, carbonate, chloride, and 
fluoride melt phases. The data and textural observations (at both the macro- and micro-scales) indicate 
that the formation of this natrocarbonatite lava did not occur as a simple single-stage process, and that 
the silicate, carbonate, and halogen phases of the lava unmixed at different stages of evolution in the 
magmatic system. Several textural features are preserved in the silicate spheroids, melt inclusions, and 
carbonatite groundmass that exhibit evidence of silicate-carbonate, carbonate-carbonate and carbonate-
halide immiscibility. The paper highlights that the rapid quenching of the lava facilitated the 
preservation of the liquid immiscibility end products within the groundmass. This work improves the 
understanding of the formation of natrocarbonatites as well as the behaviour of liquid immiscibility 
during the magmatic evolution of carbonatites.  
 
Chapter 3 
Potter, NJ. Ferguson, MR. Kamenetsky, VS. Chakhmouradian, AR. Sharygin, VV. Thompson, JM. 
Goemann, K. 2018. Textural evolution of perovskite in the Afrikanda alkaline–ultramafic complex, 
Kola Peninsula, Russia: Contributions to Mineralogy and Petrology. 173. p.100-120 
 
The paper investigates the mechanisms responsible for the development of the perovskite-rich 
segregations within the ultramafic rocks and carbonatites of the Afrikanda alkaline-ultramafic complex. 
The detailed textural and chemical analysis of the three main lithologies at Afrikanda presents evidence 
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for the transformation of perovskite in the ultramafic rocks from clusters and networks of small, 
euhedral grains into large anhedral and massive grains. U-Pb geochronology was combined with major 
and trace element geochemistry to investigate the timing of the monomineralic perovskite ore layers 
developed in the different rock types at Afrikanda. The textural transformation suggests that the 
development of perovskite ore in the ultramafic rocks is a result of post-magmatic textural re-
equilibration and recrystallization. Several distinct textural features identified in the Afrikanda 
perovskite are observed in other oxide ore deposits (e.g. chromite and magnetite) and indicates that the 
same sub-solidus amalgamation processes may be responsible for some of the coarse-grained and 
massive textures observed in other oxide deposits. The findings of the study have implications for the 
development of mineralisation in alkaline-carbonatite complexes worldwide.  
 
Chapter 4 
Potter, NJ. Kamenetsky, VS. Chakhmouradian, AR. Kamenetsky, MB. Goemann, K. Rodemann, T. 
Polymineralic inclusions in oxide minerals of the Afrikanda alkaline-ultramafic complex: Implications 
for the evolution of perovskite mineralisation. Submitted to Contributions to Mineralogy and Petrology. 
 
This study conducts a detailed mineralogical examination of the polymineralic inclusions hosted in 
perovskite and magnetite from the ultramafic and carbonatitic rocks in the Afrikanda complex revealed 
important conclusions about the origin and evolution of the perovskite segregations in this alkaline-
ultramafic complex. The unusual mineralogy and extreme variation in the inclusion assemblages ruled 
out a magmatic origin for the polymineralic inclusions, with the observed textures and compositions 
suggesting the polymineralic inclusions are formed by the entrapment of interstitial material during 
subsolidus sintering. A model has been developed that illustrates the post-magmatic development of 
perovskite from small disseminated magmatic perovskite to accumulations of massive inclusion-free 
perovskite. The recrystallization, sintering and grain growth processes at subsolidus temperatures are 
responsible for the difference in the distribution and abundance of inclusions between T1, T2 and T3 
perovskite in olivinites, clinopyroxenites and silicocarbonatites at Afrikanda. The ongoing similarities 
identified between perovskite from Afrikanda and chromite and magnetite layers in various igneous 
complexes indicates that similar post-magmatic coarsening processes are involved in the formation of 
polymineralic inclusions in oxide minerals and ultimately the textural development of oxide ore 
deposits with monomineralic layers.  
 
Chapter 5 
The final chapter is a synthesis that summarises the progress made towards achieving the aims of this 
study and explores the limitations and significance of the research. The thesis is concluded by 
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highlighting new research questions that have arisen from this study and identifies future research 
directions for carbonatites and oxide deposits.  
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MAGMAS: A CASE STUDY OF THE OLDOINYO LENGAI 1993 LAVA 
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2.0. Abstract 
Oldoinyo Lengai is situated within the Gregory Rift Valley (northern Tanzania) and is the only active 
volcano erupting natrocarbonatite lava. This study investigates the texture and mineralogy of the June 
1993 lava at Oldoinyo Lengai, and presents petrographic evidence of liquid immiscibility between 
silicate, carbonate, chloride, and fluoride melt phases. The 1993 lava is a porphyritic natrocarbonatite 
consisting of abundant phenocrysts of alkali carbonates, nyerereite and gregoryite, set in a quenched 
groundmass, composed of sodium carbonate, khanneshite, Na-sylvite and K-halite, and a calcium 
fluoride phase. Dispersed in the lava are silicate spheroids (<2 mm) with a cryptocrystalline silicate 
mineral assemblage wrapped around a core mineral. We have identified several textural features 
preserved in the silicate spheroids, melt inclusions, and carbonatite groundmass that exhibit evidence 
of silicate-carbonate, carbonate-carbonate and carbonate-halide immiscibility. Rapid quenching of the 
lava facilitated the preservation of the end products of these liquid immiscibility processes within the 
groundmass. Textural evidence (at both macro- and micro-scales) indicates that the silicate, carbonate, 
chloride and fluoride phases of the lava unmixed at different stages of evolution in the magmatic system.  
 
2.1. Introduction 
The petrogenetic evolution of silicate magmas is well known and extensively studied due to the 
preponderance of siliceous-type volcanism worldwide. In contrast, carbonate magmas are rarely 
observed in nature with the majority identified in intrusive settings and commonly altered post 
emplacement (Mitchell, 2005; Woolley, 2003). Oldoinyo Lengai (Tanzania) is the sole active volcano 
that erupts carbonatites and provides an unprecedented opportunity to better understand the magmatic 
evolution of this non-silicate type of Earth’s magmatism. 
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The most commonly accepted mechanism proposed for the formation of natrocarbonatites is 
silicate-carbonate liquid immiscibility (Church and Jones, 1995; Dawson et al., 1996; Keller and Krafft, 
1990; Kjarsgaard et al., 1995; Mitchell, 2009; Mitchell and Dawson, 2012; Peterson, 1990; Sharygin et 
al., 2012). Liquid immiscibility is defined as “the coexistence of two or more liquid phases in 
equilibrium…[and]…occurs when the sum of the free energies of two melts in less than that of a mixture 
of them” Freestone (1989). The rarity of and difficulty in capturing definitive evidence of liquid 
immiscibility within magmas has posed a challenge for researchers, as the rocks undergo crystallisation 
and post-magmatic alteration. For evidence to be preserved of the unmixing process, the liquids must 
either spatially separate or undergo no magmatic or weathering processes after unmixing. Consequently, 
the process of liquid immiscibility and its role in magmatic differentiation has been largely overlooked. 
Melt inclusion and experimental studies are the primary methods used to support the 
identification of liquid immiscibility during the formation of magmatic rocks. Melt inclusions provide 
‘snapshots’ of melts and fluids at the time of crystallisation and have recorded occurrences of liquid 
immiscibility in magmas from a variety of different tectonic settings (Kamenetsky and Kamenetsky, 
2010; Mitchell, 2009; Panina and Motorina, 2008; Sekisova et al., 2015; Thompson et al., 2007). 
Experimental work endeavors to reproduce the sequence and composition of the phases appearing in 
natural rocks, offering theoretical conditions for these unmixing processes (Brooker and Kjarsgaard, 
2011; Freestone and Hamilton, 1980; Kjarsgaard and Peterson, 1991; Moore, 2012; Veksler et al., 2012; 
Wyllie et al., 1990). The small size (<25 µm) and disequilibrium state within the melt inclusions, and 
the limited applicability of experimental studies to the natural environment renders some of the evidence 
and interpretations controversial. 
Here we describe the texture and mineralogy of natrocarbonatite lava samples from the 1993 
eruption at Oldoinyo Lengai and present both petrographic and melt inclusion evidence for the 
occurrence of liquid immiscibility between silicate, carbonate, chloride, and fluoride melt phases. 
 
2.2. Geological setting and previous work 
Oldoinyo Lengai, the only active natrocarbonatite volcano in the world, is situated within the 
Gregory Rift Valley in northern Tanzania. Between June 14 and June 25 1993, two of the most 
volumetrically largest lava flows erupted at Oldoinyo Lengai: the massive southern flow and the Chaos 
Crags flow (Dawson et al., 1994). These eruptions terminated a 10-year period that was dominated by 
the extrusion of low-volume, highly mobile carbonatite flows (Dawson et al., 1996). The samples 
investigated here are from the Chaos Crags flow, which is a particularly crystal-rich lava (79-91 % by 
volume), with a similar viscosity to rhyolite (Dawson et al., 1994). Several previous studies have 
investigated samples from the June 1993 lava and reported detailed descriptions of the eruption with 
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petrography and mineralogy of the lava (Church and Jones, 1995; Dawson et al., 1994; Dawson et al., 
1996) and geochemical data (Simonetti et al., 1997). 
 
2.3. Methodology 
The samples were mounted in epoxy resin and polished using kerosene to prevent destruction 
of soluble minerals and melt inclusions. After exposure, samples were stored in a desiccator to minimise 
interaction with atmospheric moisture. All analytical work was performed at the Central Science 
Laboratory (CSL), University of Tasmania, Australia. 
Mineral and melt inclusion compositions were determined by backscattered electron (BSE) 
imaging and energy dispersive X-ray spectrometry (EDS) using a Hitachi SU-70 field emission scanning 
electron microscope (SEM). Silicate and fluorapatite kernels were analysed using a Cameca SX100 
electron microprobe equipped with a tungsten filament and five wavelength dispersive spectrometers 
(WDS) using 15 kV accelerating voltage, 30 and 20 nA beam current and a 5 and 20 µm beam diameter, 
respectively. Additional details are provided in Supplementary Methods. Electron backscattered 
diffraction (EBSD) on a Hitachi SU-70 SEM was used to evaluate the crystallographic orientation of the 
crystal microstructures. Ion-polishing for EBSD studies was done in Adelaide Microscopy. The EBSD 
analysis was performed using 20 kV acceleration voltage, around 3 nA beam current and an Oxford 
AZtec NordlysNano EBSD detector intergrated with the EDS system. 
 
2.4. Results 
The lava is a porphyritic natrocarbonatite composed of abundant euhedral to subhedral 
phenocrysts of alkali carbonates, nyerereite Na2Ca(CO3)2 and gregoryite (Na2K2Ca)CO3, surrounded by 
a quenched carbonatite groundmass (Fig. 2.1). Dispersed in the lava samples are silicate spheroids (<2 
mm) characterised by a core kernel (>200 µm) enveloped in a cryptocrystalline assemblage composed 
of various silicate minerals. The lava has a low to moderate vesicularity (7-26 % vesicles), with a size 
distribution from <50 µm to 10 mm. Small vesicles have subspherical shapes, whereas the large vesicles 
are irregular and elongated, often showing signs of coalescence.  
2.4.1. Groundmass 
The carbonatite groundmass accounts for around 20% of the lavas’ volume (excluding vesicles) 
and is mainly composed of sodium carbonate, khanneshite (NaCa)3(Ba,Sr,Ce,Ca)3(CO3)5, salt 
aggregates and a CaF phase (Fig. 2.2). Scattered throughout the carbonatite groundmass are anhedral to 
subhedral crystals (<20 µm) of apatite, cuspidine Ca4(Si2O7)(F,OH)2, nepheline (Na,K)AlSiO4 and 
sulphides. 
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The primary constituent of the groundmass is a sodium-rich carbonate phase (Figs. 2.2, 2.3) 
that has a similar chemical composition to the gregoryite phenocrysts but contains slightly more Na 
(32% and 31%, respectively) and less Ca (5% and 7%, respectively). Another groundmass carbonate is 
Ba-rich (38-41 wt.% BaO), similar to khanneshite, distributed sporadically in the lava and has irregular, 
angular shapes (Fig. 2.1b). The salt aggregates are composed of two chloride end-members: potassium 
and sodium chloride, with both phases containing minor Na and K, respectively. Potassium chloride 
(Na-sylvite) is the primary component with sodium chloride (K-halite) dispersed inside, although there 
are areas composed of pure halite. Irrespective of their composition, all salt aggregates have spherical 
to irregular shapes (Fig. 2.3). The CaF phase exhibits linear, globular, symplectic, and graphic textures 
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Figure 2. 1 (a) Back scattered electron (BSE) image of the 1993 lava, with nyerereite and gregoryite 
phenocrysts surrounded by the carbonatite groundmass. (b) BSE image of khanneshite in the carbonatite 
groundmass. Abbreviations: CaF – calcium fluoride, Gr – gregoryite, Kh – khanneshite, Ny – nyerereite, 
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Figure 2. 2 BSE image and EDS element maps of the carbonatite groundmass. Abbreviations: CaF – calcium 
fluoride, Csp – cuspidine, Kh – khanneshite, Mg – magnetite, Ny – nyerereite, Po – pyrrhotite, salt – K-halite 
and Na-sylvite, SC – sodium carbonate. 
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The texture of the CaF phase varies throughout the samples and appears to be dependent on the 
surrounding phases, the most prevalent is the linear intergrowth texture (Fig. 2.3b). There are several 
crystallographic orientations observed for a given CaF phase (Figs. 2.4c, d). The variation in colour in 
Figures 2.4c and 2.4d indicates a difference in the orientation of the crystals, that is attributed to changes 
in the x, y and z axis. The stoichiometric composition is 44-47 wt.% F, 50-53 wt.% Ca and 1–4 wt.% 
Sr. 
The sulphide minerals identified within the groundmass are pyrrhotite, Fe-alabandite MnS, Mn-
sphalerite (Zn,Fe)S, djerfisherite K6Na(Fe,Cu,Ni)22S26Cl and galena. These sulphides mostly occur as 
small individual (<20 µm) anhedral crystals, as well as rare clusters (25-75 µm). The K-Fe-sulphide 
mineral has been identified as djerfisherite by the K:Fe:S ratio, despite the lack of Cu, Ni and Cl. The 
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Figure 2. 3 BSE images of groundmass textures in the June 1993 lava. Abbreviations: Al – Fe-alabandite, CaF 
– calcium fluoride phase, Ny – nyerereite, salt – K-halite and Na-sylvite, SC – sodium carbonate. 
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K and 38-44% Fe. K-Fe-sulphide minerals have been observed in other natrocarbonatite lavas at 
Oldoinyo Lengai (Dawson et al., 1995; Jago and Gittins, 1999; Mitchell, 1997; Mitchell, 2006). The 
irregular distribution of the sulphide minerals throughout the groundmass and in phenocrysts suggests 
that they were present in the magma prior to eruption, as supported by Mitchell (1997) in the case of the 
1995 eruption. 
Other accessory minerals found in the groundmass are euhedral to subhedral crystals of 
fluorapatite, nepheline, cuspidine, and magnetite with an elevated concentration of Mn (1-4 wt. %). The 
cuspidine crystals (<20 µm) exhibit oscillatory zoning and contain numerous inclusions of Mn-
magnetite. Other rare minerals include a potentially water-bearing potassium sulphate (<10 um) and an 
unknown Ba-K-Na-Mg fluoride mineral that forms small (<10 µm) anhedral grains. A similar fluoride 
!"#$%&' (+ !"# 0,)%(*-. 12"3) -4 (5) "*)" 2"==)+ ;1(5 " %,)"*->(,1.)
-4 (5) %",%1>24,>-*1+)!C"D#=5"') @!?# K5"') 2"= ?"')+ -. %-2?1.)+
0I/ ".+ 0$/I +"(" '5-;1.3 (5) C"D =5"') @!%#O.9)*') =-,) 413>*)!OKD#
2"= 1. (5) P +1*)%(1-.'5-;1.3 9"*<1.3 %*<'(",-*1).("(1-.' 1. +144)*).(
%-,->*' @!+# 0>,)* ".3,) 2"= >'1.3 %-,->*' (- +).-() (5) 9"*1)(< -4
%*<'(", -*1).("(1-.' 1. '="%) >'1.3 0>,)* ".3,)' BQ6L*)+ QL3*)).: QRL
?,>) @!) L4#0I/ %-2=-'1(1-.", 2"=' '5-;1.3 (5) >.14-*2 %-.%).(*"(1-.















Figure 2. 4 (a) Electron image of the area mapped with a clear outline of the calcium fluoride (CaF) phase. 
(b) Phase map based on combined EDS and EBSD data showing the CaF phase. (c) Inverse pole figure (IPF) 
map in the Y direction showing varying crystal orientations in different colours. (d) Euler angle map using 
colours to denote the variety of crystal orientations in space using Euler angles: φ1-red φ-green, φ2-blue. (e-
f) EDS compositional maps showing the uniform concentration of calcium and fluorine in the CaF phase. 
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mineral was identified by Mitchell (1997) as an intermediate member between neighborite and its 
potassium analogue, identified as K-neighborite (Na,K)MgF3. 
2.4.2. Silicate spheroids 
  The silicate spheroids (<2 mm) feature a central kernel (<1 mm) surrounded by a 
cryptocrystalline assemblage of clinopyroxene, garnet, nepheline, wollastonite, fluorapatite, magnetite, 
cuspidine and various sulphides (<20 µm; Fig. 2.5). There is a distinct boundary between the spheroids 
and the surrounding carbonatite groundmass, with nyerereite phenocrysts oriented around the spheroids 
(Fig. 2.5a). The amount of the silicate material around kernels varies from a thin coating (Fig 2.5d) to a 
much greater thickness that can fluctuate around the kernel (Figs. 2.5a, c). The kernel is usually a single 
euhedral crystal, or less commonly two or more crystal species either isolated or as a crystal aggregate 
(Figs. 2.5a-d). These grains are typically nepheline, clinopyroxene, garnet, wollastonite and fluorapatite. 
A subspherical carbonate phase is present within the silicate mineral assemblage, ranging in size from 
10 to 150 µm (Figs. 2.5e, f). Some have separated into two carbonate compositions, a Na-rich phase (30-
40 wt.% Na2O), and a Ca-rich phase (23-28 wt.% CaO, 7-8 wt.% K2O), both have irregular shapes, 
usually with the Ca-rich phase enveloped by the Na-rich phase. 
2.4.2.1. Kernels 
  The majority of the nepheline grains have a homogeneous composition (Fig. 2.5b) with a small 
number exhibiting minor zonation with antithetic variations in FeO and K2O concentrations (0.9-2.4 wt. 
% and 6-7.3 wt. %, respectively). The wollastonite grains are lath-shaped and have homogeneous 
compositions. Garnet grains belong to the andradite-schorlomite solid solution series and are identified 
as schorlomite end-members due to their high TiO2 contents (10-15 wt. %; Fig. 2.5c). This mineral is 
referred to as Ti-andrandite by Dawson et al. (1996) and melanite by Church and Jones (1995). 
Clinopyroxene grains have predominantly low-Al, low-Ti compositions and display irregular oscillatory 
zoning with varying Mg and Fe contents that are readily observed in the BSE images (higher and lower 
Mg/Fe ratios correspond to darker and lighter areas, respectively; Fig 2.5d). The fluorapatite grains have 
high F contents (2-3 wt. %) and are less common than the previously mentioned silicate minerals. All 
kernels contain inclusions (10–50 µm) of other minerals including wollastonite, schorlomite, nepheline, 
clinopyroxene, titanite, and pyrrhotite. The chemical compositions of the kernels are provided in 
Supplementary Table S2.1. Detailed descriptions of the kernels in the silicate spheroids are given in 
Church and Jones (1995), Dawson et al. (1994) and Dawson et al. (1996). 
2.4.3. Alkali carbonate phenocrysts 
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The nyerereite phenocrysts are primarily euhedral lath-shaped crystals (Fig. 2.1) with 
homogeneous compositions and inclusions (<50 µm) of fluorapatite, unknown Ba-K-Na-Mg fluoride, 
and small clusters (<50 µm) of cuspidine and djerfisherite crystals (<10 µm). The gregoryite phenocrysts 
have mostly rounded shapes with no well-defined crystal faces (Fig. 2.1) and occasionally contain 
inclusions (5-20 µm) of nyerereite, magnetite and djerfisherite. These crystals differ in their degree of 
chemical and textural alteration, some phenocrysts have homogenous compositions, while others have 
perthitic textures with variation in the Na and K content across each phenocryst (4-39 wt. % and 14-33 
wt. %, respectively). Some altered phenocrysts display simple lamellar textures, whereas irregular, 
patchy textures with disseminated halite or K-halite are dominant. The lamellar textures suggest the 
breakdown of the gregoryite solid solution (Dawson et al., 1995). Also, the rims of the chemically altered 
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Figure 2. 5 BSE images of silicate spheroids in the June 1993 lava. (a, b) Nepheline kernel surrounded by a 
silicate mineral assemblage. (c) Schorlomite kernel surrounded by a silicate mineral assemblage. (d) 
Clinopyroxene kernel surrounded by a thin coating of the silicate mineral assemblage. (e, f) Close up of the 
silicate mineral assemblage within the silicate spheroids. Abbreviations: CC – carbonate component, Cpx – 
clinopyroxene, Dj – djerfisherite, Gr – gregoryite, Nph – nepheline, Ny – nyerereite, Sc – schorlomite, Ttn 
– titanate, Wo – wollastonite. 
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The chemical compositions of the nyerereite and gregoryite phenocrysts do not differ 
significantly from those documented in other natrocarbonatite lavas, except for the nyerereite 
phenocrysts which have high BaO contents (up to 3 wt. %; Supplementary Table S2.2). More details on 
the composition and textures of nyerereite and gregoryite phenocrysts from other eruptions are described 
in Mitchell and Kamenetsky (2012), Peterson (1990) and Zaitsev et al. (2009). 
2.4.4 Melt inclusions  
  The exposed silicate and carbonate melt inclusions have a negative crystallographic shape and 
are randomly distributed throughout the crystals (Fig. 2.6). These are primary melt inclusions and 
represent the melt composition at the time of entrapment, but may not represent the bulk composition as 
all phases may not have been observed. 
2.4.4.1. Silicate spheroids  
The silicate melt inclusions (10 to 50 µm) are identified in all the silicate kernel minerals 
(nepheline, wollastonite, clinopyroxene and schorlomite; Figs. 2.6a-e). The glasses are silica-
undersaturated and highly enriched in alkali elements (Supplementary Table S2.3). The majority of the 
silicate melt inclusions contain small Na-rich carbonate globules (2-10 µm) and occasionally enclose 
small crystals (2-5 µm) of apatite, clinopyroxene, magnetite and pyrrhotite. The wollastonite-hosted 
melt inclusions are also characterised by the presence of annite (10 to 30 vol.%; Fig. 2.6c).  
The clinopyroxene and schorlomite phenocrysts contain both silicate and silicate-carbonate 
melt inclusions. The silicate-carbonate melt inclusions contain Na-rich carbonate globules along with a 
polycrystalline carbonate globule (5-20 µm) composed of a fine-grained aggregate of Na-rich and Ca-
rich carbonate phases, similar to the carbonate component in the silicate spheroids (Figs. 2.6d, e). 
2.4.4.2. Alkali carbonate and fluorapatite phenocrysts 
  Primary carbonate melt inclusions (5-25 µm) have been identified in nyerereite, gregoryite and 
fluorapatite phenocrysts (Figs 2.6f-i). These melt inclusions are scarce in comparison to the silicate melt 
inclusions as nyerereite and gregoryite typically lack melt inclusions. The carbonate melt inclusions 
have comparable chemical compositions to the carbonatite groundmass. The fluorapatite-hosted 
carbonate melt inclusions contain Na-rich carbonate globules and inclusions of apatite and calcite (Fig. 
2.6f). Some of the melt inclusions have separated into an alkali carbonate and khanneshite, with daughter 
phases of cuspidine, nepheline, magnetite, and an unk own Ba-K-Na-Mg fluoride (Fig. 2.6g). Rare melt 
inclusions hosted in gregoryite contain a single nyerereite crystal in a heterogeneous carbonate-Na-
sylvite matrix (Fig. 2.6h). In contrast, the nyerereite phenocrysts contain abundant melt inclusions, 
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composed of sodium carbonate, CaF and Na-sylvite with trapped crystals of cuspidine, apatite, and 
magnetite (Fig. 2.6i). 
 
2.5. Discussion 
2.5.1. Silicate-carbonate immiscibility 
Occurrences of silicate-carbonate liquid immiscibility are widespread in nature and have been 
well documented in several alkaline carbonate-bearing complexes (Guzmics et al., 2011; Guzmics et al., 
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Figure 2. 6 BSE images of silicate and carbonate melt inclusions. (a) Nepheline kernel with silicate melt 
inclusions. (b) Clinopyroxene-hosted silicate melt inclusion with an intermediate reaction rim of aegirine-
augite. (c) Wollastonite-hosted silicate melt inclusion. (d) Schorlomite-hosted silicate melt inclusion with a 
carbonate globule. (e) Clinopyroxene-hosted silicate melt inclusion with a carbonate globule. (f) Fluorapatite 
phenocryst in the carbonatite groundmass with numerous carbonate melt inclusions. (g) A close up of a 
carbonate melt inclusions in the figure 6f fluorapatite phenocryst. (h) Gregoryite-hosted carbonate melt 
inclusion. (i) Nyerereite-hosted carbonate melt inclusion. Abbreviations: Ac – alkali-carbonate, Aeg – 
aegirine, Ann – annite, Ap – apatite, Aug – augite, Bac – barium-rich carbonate, CaF – calcium fluoride 
phase, Csp – cuspidine, F – unknown Ba-K-Na-Mg fluoride, Kh - khanneshite, Mg – magnetite, Nph – 
nepheline, Ny – nyerereite, SC – sodium carbonate, Sg – silicate glass, Syl – Na-sylvite, Wo – wollastonite, 
1 - calcium-rich phase, 2 - sodium-rich phase. 
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2012; Lloyd and Stoppa, 2003; Mitchell, 2009; Mitchell and Dawson, 2012; Nielsen et al., 1997; Panina, 
2005; Sharygin et al., 2012; Zaitsev et al., 2009). In our study, textural features of the silicate spheroids, 
melt inclusions and carbonatite groundmass provide evidence of silicate-carbonate immiscibility. The 
main textural evidence that supports liquid immiscibility in the lava is the distinct boundaries between 
different compositions in the melt inclusions and groundmass.  
As textural evidence for liquid immiscibility is rarely preserved in rocks, melt inclusions are 
fundamental for the identification of unmixing in natural systems. The onset of silicate-carbonate 
immiscibility in carbonate-rich magmatic systems is an area of ongoing research, and there have been 
several heating experiments on synthetic and natural samples to determine the temperature and pressure 
of unmixing (Freestone and Hamilton, 1980; Kjarsgaard et al., 1995; Koster van Groos and Wyllie, 
1966; Sharygin et al., 2012). 
The silicate spheroids are identified as immiscible droplets of nephelinitic composition, which 
is consistent with previous interpretations (Church and Jones, 1995; Dawson et al., 1994; Dawson et al., 
1996). The distinct boundary between the spheroids and the surrounding carbonatite, the rounded shape 
of the spheroids, the orientation of the nyerereite phenocrysts around the spheroids and the absence of 
penetration by these phenocrysts (Figs. 2.5a, b), all support the idea that silicate-carbonate liquid 
immiscibility enabled the formation of the silicate spheroids. These textures also suggest that the silicate 
spheroids were molten when first enveloped by the carbonate melt, enabling a subspherical shape. The 
silicate spheroids subsequently cooled and solidified prior to the crystallisation of the surrounding 
carbonate melt preventing the carbonate melt from penetrating the spheroids, an interpretation first 
proposed by Dawson et al. (1996). 
The presence of the carbonate component within the silicate mineral assemblage in the 
spheroids (Figs. 2.5e, f) suggests that silicate-carbonate immiscibility proceeds with changes in 
temperature and pressure in the magmatic system. The carbonate components have comparable chemical 
compositions, however, some have separated into Ca-rich and Na-rich phases similar to the carbonate 
globules in the silicate-carbonate melt inclusions (e.g. Fig. 2.6d), suggesting that the carbonate melt had 
a comparable chemical composition during unmixing. Dawson et al. (1994) suggested “the presence of 
carbonatite phases in the glasses entrapped in both the spheroid silicate phenocrysts and the spheroid 
matrix indicates that the spheroids are exhibiting multiple episodes of separation of carbonatite from a 
silicate melt”. The timing of separation of the carbonate component from the surrounding silicate melt 
remains unknown. However, we suggest that liquid immiscibility during magmatic ascent and cooling 
could have enabled the separation of the carbonate component from the surrounding silicate melt. 
Another possiblility could be that the carbonate component was trapped in the silicate melt when the 
silicate spheroids were first incorporated into the natrocarbonatite magma at the top of the magma 
chamber. 
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The kernels in the silicate spheroids do not represent phenocrysts in the natrocarbonatite 
magma, but they crystallised from the nephelinitic melt in the magma chamber. The kernels host silicate 
melt inclusions that are interpreted to represent the parental peralkaline nephelinitic magma in the 
magma chamber. The coexsistence of silicate and silicate-carbonate melt inclusions in the clinopyroxene 
and schorlomite kernels is the evidence for onset of silicate-carbonate liquid immiscibility, with the 
separation of the melt into two coexisting silicate and carbonate liquids. 
The presence of cuspidine, nepheline and tilleyite in the groundmass is evidence that silica was 
present in the natrocarbonatite magma during crystallisation (Fig. 2.2; Dawson et al., 1996). The 
crystallisation of cuspidine is enabled by the significant concentration of fluorine in the natrocarbonatite 
magma. 
2.5.1.1. Petrogenesis of silicate spheroids 
The presence of silicate spheroids has not been reported in other natrocarbonatite lavas at 
Oldoinyo Lengai. The petrogenic model envisaged for the formation of these silicate spheroids in the 
1993 lava is an adaptation of the processes suggested by Church and Jones (1995), Dawson et al. (1994) 
and Dawson et al. (1996), and is summarised here (Fig. 2.7). Prior to the 1993 eruption an injection of 
peralkaline nephelinitic magma intruded into the magma chamber (Fig. 2.7b). The intrusion disrupted 
the carbonate crystal mush at the top of the magma chamber that contains a high modal abundance of 
nyerereite and gregoryite phenocrysts (Dawson et al., 1994; Dawson et al., 1996). This enabled the 
incorporation of silicate kernels into the natrocarbonatite magma, with a silicate melt surrounding the 
kernels (Fig. 2.7c). The elevated viscosity of the 1993 natrocarbonatite magma (i.e. nyerereite and 
gregoryite crystal mush; Dawson et al., 1994; Dawson et al., 1996) prevented the silicate spheroids from 
settling back into the nephelinitic magma (Fig. 2.7c). 
2.5.2. Carbonate-carbonate immiscibility 
Two carbonate phases have been identified within the groundmass of the June 1993 lava: 
sodium carbonate and khanneshite. Dawson et al. (1996) also identified two carbonate groundmass 
phases, a gregoryite-like phase and a Ba-rich carbonate phase referred to as witherite. The Ba-rich 
carbonate phase has a variety of compositions in other natrocarbonatite lavas, most likely caused by the 
different chemical compositions of the carbonate melt (Dawson et al., 1996; Mitchell, 1997; Mitchell, 
2006; Peterson, 1990). The identification of two different carbonate phases in these natrocarbonatite 
lavas points to unmixing of carbonates as a common feature of lavas at Oldoinyo Lengai.  
We suggest that carbonate-carbonate immiscibility occurred during quenching. The separation 
produced khanneshite and a homogeneous Na-K-rich carbonate phase containing fluorine and chlorine, 
which subsequently separates into sodium carbonate, CaF, and salt. The immiscible separation of these 
two carbonate phases was supported by Mitchell (1997), whereas Dawson et al. (1996) attributed the 
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presence of two carbonate phases rather than one homogeneous carbonate phase (Phase X) and the 
coarser grain size of the “sylvite and fluorite” is due to slower cooling of the June 1993 lava. 
2.5.3. Carbonate-halide immiscibility 
We interpret the intergrown textures and chemical compositions of the groundmass phases: 
sodium carbonate, khanneshite, CaF and salt, and the presence of these same phases within the carbonate 
melt inclusions, to be evidence for carbonate-halide immiscibility in the June 1993 eruption at Oldoinyo 
Lengai. The presence of multiphase carbonate-halide immiscibility is identified by textural relationships 
between the carbonate, chloride, and fluoride phases in the groundmass and within the carbonate- and 
apatite-hosted melt inclusions. The melt inclusions have similar chemical compositions and textures as 
the carbonatite groundmass, which indicates that the same unmixing processes occurred on both macro- 
and micro-scales (Figs. 2.3, 2.6g-i). Subspherical to irregular shapes of the mixed Na-sylvite and K-
halite aggregates are common in the groundmass of natrocarbonatites (Church and Jones, 1995; Dawson 
et al., 1995; Dawson et al., 1996; Keller and Krafft, 1990; Mitchell, 1997; Mitchell, 2006) and are most 
likely caused by sporadic unmixing of the chloride liquid (Fig. 2.3). The CaF phase has been identified 
in other natrocarbonatite lavas as “intergrown fluorite with a gregoryite-like mineral” (Church and 
Jones, 1995; Dawson et al., 1996; Mitchell, 1997; Mitchell, 2006). The EBSD data shows that the CaF 
phase has relatively homogeneous crystalline structures (Fig. 2.4), but has a distinctive texture that is 
typical of a liquid occurring interstitially to solid phases (e.g. nyerereite in this case; Fig. 2.3). The high 
crystal content of the lava, and thus inferred high degree of crystallisation, could have led to high 
concentrations of fluorine and chlorine in the residual melt, prompting unmixing of halide liquids on 
quenching. The process of liquid immiscibility during quenching and related textures are best depicted 
in experimental works with carbonate-silicate compositions, where the melt components form 
‘immiscibility’ textures, and bona fide crystallographic shapes do not have time to develop (Brooker 
and Kjarsgaard, 2011; Kamenetsky and Yaxley, 2015). Immiscible carbonate-halide intergrowths have 
been described in other natrocarbonatite lavas with different proportion and composition of the unmixed 
components (Mitchell, 1997; Mitchell, 2006; Peterson, 1990). The rapid quenching of the lava facilitated 
the preservation of the end products of these immiscibility processes within the groundmass.  
2.5.4. Multistage immiscibility 
The mineralogical and textural features of the studied samples support the following origin of 
the 1993 natrocarbonatite lava at Oldoinyo Lengai (Fig. 2.7). The unmixing of the silicate, carbonate, 
chloride and fluoride components can be separated into different stages of evolution in the magmatic 
system and represent both high- and low-pressure immiscibility. 
The first stage of liquid immiscibility is recorded by the silicate spheroids and the silicate melt 
inclusions within the central kernels. The observation of sodium carbonate globules and fine-grained 
carbonate aggregates in the silicate melt inclusions indicates that the onset of silicate-carbonate liquid 
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immiscibility happened prior to the crystallisation of the silicate minerals in the magma chamber. This 
immiscibility resulted in the spatial separation of the carbonate melt from the parental peralkaline 
nephelinitic melt in the magma chamber (Fig. 2.7a; Dawson et al., 1992; Mitchell, 1997; Sharygin et 
al., 2012). Our interpretations support that the separation happened at a shallow level within the magma 
plumbing system at Oldoinyo Lengai (Freestone and Hamilton, 1980; Keller and Zaitsev, 2012; Kervyn 
et al., 2008; Kjarsgaard et al., 1995).  
The second stage of immiscibility occurred during eruption, as the decreasing temperature and 
pressure promotes unmixing in the carbonate melt, generating a heterogeneous mix of four immiscible 
phases. These fractions are represented by the two carbonate phases: sodium carbonate and khanneshite, 
and the two halide phases: CaF and Na-sylvite and K-halite salt aggregates.  
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Figure 2. 7(a) Stratified magma chamber with an 
emulsion of nephelinitic magma overlain by 
natrocarbonatite magma. The stratification is a 
result of silicate-carbonate immiscibility. The 
high modal abundance of gregoryite and 
nyerereite phenocrysts in the lava indicates that 
there was a high crystal content in the 
natrocarbonatite magma prior to eruption, 
identified as a carbonate crystal mush (Dawson et 
al., 1994; Dawson et al., 1996). (b) A new 
injection of nephelinitic magma intrudes into the 
magma chamber. As the intrusion rises and cools, 
it undergoes immiscibility and partially separates 
into carbonate and silicate melts, with the 
carbonate segregation accumulating at the top of 
the intrusion. (c) The carbonate head of the 
intrusion disrupts the carbonate crystal mush at the 
top of the magma chamber, and pushes silicate 
minerals into the carbonate crystal mush. The high 
density of crystals enabled these silicate spheroids 
to become trapped within the surrounding 
natrocarbonatite magma (Church and Jones, 1995; 
Dawson et al., 1994; Dawson et al., 1996). The 
intrusion of new ascending melt may also cause 
mixing within the surrounding magma. It cannot 
be specified whether the silicate spheroids came 




1. The evidence presented suggests that liquid immiscibility occurred between silicate, carbonate, 
chloride, and fluoride melt phases in the June 1993 natrocarbonatite, and show that multi-stage 
liquid immiscibility is a major factor in the petrogenesis of this lava at Oldoinyo Lengai. 
2. The identification of carbonate-carbonate and carbonate-halide immiscibility within the 
natrocarbonatite lava shows that different types of liquid immiscibility, other than silicate-silicate 
and silicate-carbonate, can occur in natural magmas. The identification of these diverse unmixed 
phases at both the macro- and micro-scale presents clear evidence that several types of liquid 
immiscibility happen during evolution of a single melt, both in the magma plumbing system and 
during eruption.  
3. Liquid immiscibility is rarely observed in the rock record due to masking effects of crystallisation 
and alteration, but can be observed in melt inclusion and experimental studies. The identification of 
unmixing in the lavas’ groundmass has the potential to provide a new avenue for studying liquid 
immiscibility in natural magmas. 
 
2.7. References 
Brooker, R.A., Kjarsgaard, B.A., 2011. Silicate-carbonate liquid immiscibility and phase re- lations in 
the system SiO2-Na2O-Al2O3-CaO-CO2 at 0.1-2.5 GPa with applications to carbonatite 
genesis. J. Petrol. 52, 1281–1305.  
Church, A.A., Jones, A.P., 1995. Silicate-carbonate immiscibility at Oldoinyo Lengai. J. Petrol. 36, 
869–889.  
Dawson, J.B., Pinkerton, H., Norton, G.E., Pyle, D.M., Browning, P., Jackson, D., Fallick, A.E., 1995. 
Petrology and geochemistry of Oldoinyo Lengai lavas extruded in November 1988: magma 
source, ascent and crystallization. In: Bell, K., Keller, J. (Eds.), Carbonatite Volcanism. 
Springer, pp. 47–69.  
Dawson, J.B., Pinkerton, H., Pyle, D.M., Nyamweru, C., 1994. June 1993 eruption of Oldoinyo Lengai, 
Tanzania: exceptionally viscous and large carbonatite lava flows and evidence for coexisting 
silicate and carbonate magmas. Geology 22, 799–802.  
Dawson, J.B., Pyle, D.M., Pinkerton, H., 1996. Evolution of natrocarbonatite from a wollas- tonite 
nephelinite parent: evidence from the June 1993 eruption of Oldoinyo Lengai, Tanzania. J. 
Geol. 41–54.  
Dawson, J.B., Smith, J.V., Steele, I.M., 1992. 1966 ash eruption of the carbonatite volcano Oldoinyo 
Lengai: mineralogy of lapilli and mixing of silicate and carbonate magmas. Mineral. Mag. 56, 
1–16.  
Freestone, I.C., 1989. Liquid Immiscibility, Petrology. Springer, pp. 281–283.Freestone, I.C., 
 29 
Hamilton, D.L., 1980. The role of liquid immiscibility in the genesis of carbonatites - an 
experimental study. Contrib. Mineral. Petrol. 73, 105–117.  
Guzmics, T., Mitchell, R.H., Szabó, C., Berkesi, M., Milke, R., Abart, R., 2011. Carbonatite melt 
inclusions in coexisting magnetite, apatite and monticellite in Kerimasi calciocarbonatite, 
Tanzania: melt evolution and petrogenesis. Contrib. Mineral. Petrol. 161, 177–196. 
Guzmics, T., Mitchell, R.H., Szabó, C., Berkesi, M., Milke, R., Ratter, K., 2012. Liquid immiscibility 
between silicate, carbonate and sulfide melts in melt inclusions hosted in co- precipitated 
minerals from Kerimasi volcano (Tanzania): evolution of carbonated nephelinitic magma. 
Contrib. Mineral. Petrol. 164, 101–122.  
Jago, B.C., Gittins, J., 1999. Mn- and F-bearing rasvumite in natrocarbonatite at Oldoinyo Lengai 
volcano, Tanzania. Mineral. Mag. 63, 53–55.  
Kamenetsky, V.S., Kamenetsky, M.B., 2010. Magmatic fluids immiscible with silicate melts: examples 
from inclusions in phenocrysts and glasses, and implications for magma evolution and metal 
transport. Geofluids 10, 293–311.  
Kamenetsky, V.S., Yaxley, G.M., 2015. Carbonate–silicate liquid immiscibility in the mantle propels 
kimberlite magma ascent. Geochim. Cosmochim. Acta 158, 48–56.  
Keller, J., Krafft, M., 1990. Effusive natrocarbonatite activity of Oldoinyo Lengai, June 1988. Bull. 
Volcanol. 52, 629–645.  
Keller, J., Zaitsev, A.N., 2012. Geochemistry and petrogenetic significance of natrocarbonatites at 
Oldoinyo Lengai, Tanzania: Composition of lavas from 1988 to 2007. Lithos 148, 45–53.  
Kervyn, M., Ernst, G.G.J., Klaudius, J., Keller, J., Kervyn, F., Mattsson, H.B., Belton, F., Mbede, E., 
Jacobs, P., 2008. Voluminous lava flows at Oldoinyo Lengai in 2006: chronology of events and 
insights into the shallow magmatic system. Bull. Volcanol. 70, 1069–1086.  
Kjarsgaard, B., Peterson, T., 1991. Nephelinite-carbonatite liquid immiscibility at Shombole volcano, 
East Africa: petrographic and experimental evidence. Mineral. Petrol. 43, 293–314.  
Kjarsgaard, B.A., Hamilton, D.L., Peterson, T.D., 1995. Peralkaline nephelinite/carbonatite liquid 
immiscibility: comparison of phase compositions in experiments and natural lavas from 
Oldoinyo Lengai. In: Bell, K., Keller, J. (Eds.), Carbonatite Volcanism. Springer, pp. 163–190.  
Koster van Groos, A.F., Wyllie, P.J., 1966. Liquid immiscibility in the system Na2O-Al2O3- SiO2-
CO2 at pressures up to 1 kilobar. Am. J. Sci. 264, 234–235.  
Lloyd, F.E., Stoppa, F., 2003. Pelletal lapilli in diatremes—some inspiration from the old masters. 
Geolines 15, 65–71.  
Mitchell, R.H., 1997. Carbonate-carbonate immiscibility, neighborite and potassium iron sulphide in 
Oldoinyo Lengai natrocarbonatite. Mineral. Mag. 61, 779–789.  
Mitchell, R.H., 2005. Carbonatites and carbonatites and carbonatites. Can. Mineral. 43, 2049–2068.  
Mitchell, R.H., 2006. Sylvite and fluorite microcrysts, and fluorite-nyerereite intergrowths from 
 30 
natrocarbonatite, Oldoinyo Lengai, Tanzania. Mineral. Mag. 70, 103–114.  
Mitchell, R.H., 2009. Peralkaline nephelinite–natrocarbonatite immiscibility and carbonatite 
assimilation at Oldoinyo Lengai, Tanzania. Contrib. Mineral. Petrol. 158, 589–598.  
Mitchell, R.H., Dawson, J.B., 2012. Carbonate-silicate immiscibility and extremely peralkaline silicate 
glasses from Nasira cone and recent eruptions at Oldoinyo Lengai volcano, Tanzania. Lithos 
152, 40–46.  
Mitchell, R.H., Kamenetsky, V.S., 2012. Trace element geochemistry of nyerereite and gregoryite 
phenocrysts from natrocarbonatite lava, Oldoinyo Lengai, Tanzania: Impli- cations for magma 
mixing. Lithos 152, 56–65.  
Moore, K.R., 2012. Experimental study in the Na2O–CaO–MgO–Al2O3–SiO2–CO2 system at 3 GPa: 
the effect of sodium on mantle melting to carbonate-rich liquids and implica- tions for the 
petrogenesis of silicocarbonatites. Mineral. Mag. 76, 285–309.  
Nielsen, T.F.D., Solovova, I.P., Veksler, I.V., 1997. Parental melts of melilitolite and origin of alkaline 
carbonatite: evidence from crystallised melt inclusions, Gardiner complex. Contrib. Mineral. 
Petrol. 126, 331–344.  
Panina, L.I., 2005. Multiphase carbonate-salt immiscibility in carbonatite melts: data on melt inclusions 
from the Krestovskiy massif minerals (Polar Siberia). Contrib. Miner- al. Petrol. 150, 19–36.  
Panina, L.I., Motorina, I.V., 2008. Liquid immiscibility in deep-seated magmas and the gen- eration of 
carbonatite melts. Geochem. Int. 46, 448–464.  
Peterson, T.D., 1990. Petrology and genesis of natrocarbonatite. Contrib. Mineral. Petrol. 105, 143–
155.  
Sekisova, V.S., Sharygin, V.V., Zaitsev, A.N., Strekopytov, S., 2015. Liquid immiscibility dur- ing 
crystallization of forsterite-phlogopite ijolites at Oldoinyo Lengai volcano, Tanza- nia: study 
of melt inclusions. Russ. Geol. Geophys. 56, 1717–1737.  
Sharygin, V.V., Kamenetsky, V.S., Zaitsev, A.N., Kamenetsky, M.B., 2012. Silicate– natrocarbonatite 
liquid immiscibility in 1917 eruption combeite–wollastonite neph- elinite, Oldoinyo Lengai 
Volcano, Tanzania: Melt inclusion study. Lithos 152, 23–39.  
Simonetti, A., Bell, K., Shrady, C., 1997. Trace-and rare-earth-element geochemistry of the June 1993 
natrocarbonatite lavas, Oldoinyo Lengai (Tanzania): Implications for the origin of carbonatite 
magmas. J. Volcanol. Geotherm. Res. 75, 89–106.  
Thompson, A.B., Aerts, M., Hack, A.C., 2007. Liquid immiscibility in silicate melts and relat- ed 
systems. Rev. Mineral. Geochem. 65, 99–127.  
Veksler, I.V., Dorfman, A.M., Dulski, P., Kamenetsky, V.S., Danyushevsky, L.V., Jeffries, T., 
Dingwell, D.B., 2012. Partitioning of elements between silicate melt and immiscible fluoride, 
chloride, carbonate, phosphate and sulfate melts, with implications to the origin of 
natrocarbonatite. Geochim. Cosmochim. Acta 79, 20–40.  
Woolley, A.R., 2003. Igneous silicate rocks associated with carbonatites: their diversity, relative 
 31 
abundances and implications for carbonatite genesis. Periodico di Mineralogia 72, 17.  
Wyllie, P.J., Baker, M.B., White, B.S., 1990. Experimental boundaries for the origin and evo- lution of 
carbonatites. Lithos 26, 3–19.  
Zaitsev, A.N., Keller, J., Spratt, J., Jeffries, T.E., Sharygin, V.V., 2009. Chemical composition of 
nyerereite and gregoryite from natrocarbonatites of Oldoinyo Lengai volcano, Tanza- nia. Geol. 
Ore Deposits 51, 608–616.  
 32 
Appendix 2.1 Methodology 
 
Scanning electron microscopy (SEM) and electron probe microanalysis (EPMA) 
Samples were coated with around 20nm of carbon using a Ladd 40000 carbon evaporator. Mineral 
and melt inclusion compositions were determined by backscattered electron (BSE) imaging and 
energy dispersive X-ray spectrometry (EDS) using a Hitachi SU-70 field emission scanning electron 
microscope (SEM) equipped with an Oxford XMax80 AZtec 3 EDS system at 15 kV accelerating 
voltage and around 2.5 nA beam current. A list of the standards used for calibration is given in the 
table below.  
Element Line series Standard Source 
Na K Anorthoclase Kakanui NMNH 133868 1 
Mg K Olivine San Carlos NMNH 111312/444 1 
Al K Plagioclase Lake County NMNH 115900 1 
Si K Clinopyroxene Delegate 2 
P K Apatite Durango NMNH 104021 1 
S K Celestite 3 
Cl K Tugtupite 3 
K K Microcline NMNH 143966 1 
Ca K Clinopyroxene Delegate 2 
Ti K Rutile 3 
Mn K Bustamite 3 
Fe K Hematite 3 
Sr L Celestite 3 
Ba L Baryte 3 
1 E. Jarosewich et al. 1980, Geostand. Newslett. 4, 43. 
2 UTas in house 




Silicate and fluorapatite phenocrysts were analysed using a Cameca SX100 electron microprobe 
equipped with a tungsten filament and five wavelength dispersive spectrometers (WDS) using 15 kV 
accelerating voltage, 30 and 20 nA beam current and a 5 and 20 µm beam diameter, respectively. The 
Probe for EPMA software (Probe Software Inc.) was used for acquisition and data reduction. For 
apatite, a time dependent intensity correction was performed for F, Cl, K, and Na. Spectral 
interference corrections were performed within the iterative quantification of the data. Additional 
settings are given in the tables below. 






















F Ka PC0 Fe 20 / 20 0.031 0.016 Apatite Durango NMNH 104021 1 
Na Ka TAP  20 / 2x10 0.017 0.026 Jadeite, Tawmaw, Burma, BM1913.451 2 
Mg Ka TAP  20 / 2x10 0.009 0.015 Periclase, natural 3 





Si Ka TAP  10 / 2x3 0.019 0.064 Augite-Cr Ney County NMNH 164905 1 
P Ka LPET  20 / 10 0.011 0.005 
Apatite Durango 
NMNH 104021 1 
S Ka LPET  20 / 2x10 0.007 0.003 
Celestine SrSO4 Yate, 
England 2 
Cl Ka LPET  20 / 2x10 0.007 0.003 Tugtupite AS5625-AB 4 
K Ka PET  29 / 2x10 0.011 0.011 Orthoclase, Lucerne, Switzerland 2 
Ca Ka PET  20 / 2x10 0.013 0.051 Wollastonite, natural 3 
Ti Ka PET  30 / 2x15 0.012 0.012 Rutile, synthetic 99.999% 2 
Cr Ka LLiF  30 / 2x15 0.014 0.007 Eskolaite, synthetic 99.99% 2 
Mn Ka LLiF Cr 30 / 28 0.016 0.011 Rhodonite, Broken Hill, Australia 2 
Fe Ka LLIF  20 / 2x10 0.021 0.044 Magnetite Minas Gerais NMNH 114887 1 
1 E. Jarosewich et al. 1980, Geostand. Newslett. 4, 43. 
2 P&H Developments Ltd., UK 
3 UTas in house 
4 Astimex Standards Ltd, Toronto 
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Fluorapatite phenocryst settings:  




















F Ka PC0 Fe, Ce 20 / 20 0.048 0.050 Apatite Durango NMNH 104021 1 
Na Ka TAP  20 / 2x10 0.018 0.013 Jadeite, Tawmaw, Burma, BM1913.451 2 
Mg Ka TAP  20 / 2x10 0.012 0.005 Periclase, natural 3 





Si Ka TAP  20 / 2x10 0.011 0.009 Wollastonite, natural 3 
P Ka LPET  20 / 10 0.014 0.076 Apatite Durango NMNH 104021 1 
S Ka LPET  20 / 2x10 0.008 0.004 Celestine SrSO4 Yate, England 2 
Cl Ka LPET  20 / 2x10 0.009 0.005 Tugtupite AS5625-AB 4 
K Ka PET  29 / 2x10 0.012 0.006 Orthoclase, Lucerne, Switzerland 2 
Ca Ka PET  10 / 2x3 0.034 0.156 Apatite Durango NMNH 104021 1 
Ti Ka PET  20 / 2x10 0.019 0.009 Rutile, synthetic 99.999% 2 
Mn Ka LLiF  20 / 18 0.024 0.012 Rhodonite, Broken Hill, Australia 2 





Sr La LPET  60 / 2x30 0.020 0.021 Celestine SrSO4 Yate, England 2 
La La PET Nd 50 / 2x25 0.037 0.019 LaPO4, synthetic 5 
Ce La LLIF  30 / 2x15 0.053 0.032 CePO4, synthetic 5 
Nd La LLIF Ce 30 / 2x15 0.048 0.026 NdPO4, synthetic 5 
1 E. Jarosewich et al. 1980, Geostand. Newslett. 4, 43. 
2 P&H Developments Ltd., UK 
3 UTas in house 
4 Astimex Standards Ltd, Toronto 
5 D.J. Cherniak et al. 2004, Amer. Mineral. 89, 1533 
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Appendix 2.2 Representative composition tables 
Table S2. 1 Representative compositions of silicate kernels in silicate spheroids and carbonate 
globules. 





 EPMA EPMA EPMA EPMA EPMA EPMA SEM-EDS SEM-EDS 
SiO2 50.67 51.63 29.25 41.87 51.12 0.79 <DL <DL 
TiO2 0.38 0.51 11.72 <0.012 0.07 <0.019 <DL <DL 
Al2O3 0.95 1.18 0.80 33.24 <0.009 <0.01 <DL <DL 
Cr2O3 <0.014 <0.014 <0.014 <0.014 <0.014 n.a. <DL <DL 
FeO 19.77 11.85 21.47 1.77 1.19 0.14 <DL <DL 
MnO 0.64 0.39 0.31 <0.016 0.45 0.04 <DL <DL 
MgO 5.58 10.75 0.72 0.02 0.19 0.02 <DL <DL 
CaO 18.38 22.38 31.61 0.11 46.37 54.75 27.55 7.23 
Na2O 3.39 1.46 0.32 16.09 0.05 0.29 11.90 30.90 
K2O 0.02 0.02 <0.011 6.24 0.01 0.04 7.86 3.10 
P2O5 <0.011 0.02 0.02 <0.011 0.03 40.03 <DL 2.02 
SO3 0.01 0.01 <0.007 <0.008 <0.009 0.05 0.90 3.37 
SrO n.a. n.a. n.a. n.a. n.a. 0.79 2.22 <DL 
BaO n.a. n.a. n.a. n.a. n.a. n.a. 0.93 <DL 
La2O3 n.a. n.a. n.a. n.a. n.a. 0.18 n.a. n.a. 
Ce2O3 n.a. n.a. n.a. n.a. n.a. 0.31 n.a. n.a. 
Nd2O3 n.a. n.a. n.a. n.a. n.a. 0.16 n.a. n.a. 
Cl 0.01 0.01 <0.007 0.01 0.01 0.02 0.23 0.63 
F <0.031 <0.031 <0.031 <0.031 <0.031 2.14 n.a. n.a. 
O=Cl,
F 0.01 0 0.01 0.02 0.01 -0.90   
Total 99.80 100.22 96.24 99.37 99.50 98.85 51.59 47.24 









Table S2. 2 Representative compositions of alkali carbonate phenocrysts, all analysed by SEM-EDS. 
Wt.% Ny Ny Ny Gr Gr 
Na2O 11.27 15.12 9.25 31.41 31.68 
P2O5 0.46 <DL 0.50 2.66 2.77 
SO3 0.92 0.82 0.82 3.47 3.72 
Cl 0.26 0.31 0.18 0.55 0.52 
K2O 7.75 7.48 7.13 3.17 3.04 
CaO 28.35 23.35 28.85 7.07 7.25 
SrO 2.27 1.94 2.38 0.72 0.89 
BaO <DL 1.74 1.50 <DL 0.66 
Total 51.28 50.77 50.61 49.04 50.52 
 
Table S2. 3 Representative compositions of silicate melt inclusions, all analysed by SEM-EDS. 
Wt.% Woll Neph Cpx Schorlo 
SiO2 50.40 52.8 49.70 50.5 
TiO2 0.6 1.20 <DL <DL 
Al2O3 13.36 8.97 20.86 13.60 
FeO 5.85 7.54 2.35 8.56 
MnO <DL 0.34 <DL 0.48 
MgO <DL 0.35 <DL 0.71 
CaO 1.23 4.21 0.95 0.70 
Na2O 13.90 11.66 9.30 12.08 
K2O 6.32 6.71 10.65 7.28 
SO3 0.52 0.40 0.40 0.40 
Cl 0.34 0.32 0.15 0.19 
Total 92.48 94.48 94.36 94.46 
 
Appendix 2.3 Mineral EMPA and EDS data – see digital appendix 
 






TEXTURAL EVOLUTION OF PEROVSKITE IN THE 
AFRIKANDA ALKALINE-ULTRAMAFIC COMPLEX, KOLA 
PENINSULA, RUSSIA 
 
Contributions to Mineralogy and Petrology 
 
3.0. Abstract 
Perovskite is a common accessory mineral in a variety of mafic and ultramafic rocks, but perovskite 
deposits are rare and studies of perovskite ore deposits are correspondingly scarce. Perovskite is a key 
rock-forming mineral and reaches exceptionally high concentrations in olivinites, diverse 
clinopyroxenites and silicocarbonatites in the Afrikanda alkaline-ultramafic complex (Kola Peninsula, 
NW Russia). Across these lithologies, we classify perovskite into three types (T1-T3) based on crystal 
morphology, inclusion abundance, composition, and zonation. Perovskite in olivinites and some 
clinopyroxenites is represented by fine-grained, equigranular, monomineralic clusters and networks 
(T1). In contrast, perovskite in other clinopyroxenites and some silicocarbonatites has fine- to coarse-
grained interlocked (T2) and massive (T3) textures. Electron backscatter diffraction reveals that some 
T1 and T2 perovskite grains in the olivinites and clinopyroxenites are composed of multiple subgrains 
and may represent stages of crystal rotation, coalescence and amalgamation. We propose that in the 
olivinites and clinopyroxenites, these processes result in the transformation of clusters and networks of 
fine-grained perovskite crystals (T1) to mosaics of more coarse-grained (T2) and massive perovskite 
(T3). This interpretation suggests that sub-solidus processes can lead to the development of coarse-
grained and massive perovskite. A combination of characteristic features identified in the Afrikanda 
perovskite (equigranular crystal mosaics, interlocked irregular-shaped grains, and massive zones) are 
observed in other oxide ore deposits, particularly in layered intrusions of chromitites and intrusion-
hosted magnetite deposits and suggests that the same amalgamation processes may be responsible for 




Oxide deposits formed by a range of magmatic, metamorphic and sedimentary processes (Borrok et al. 
1998; Force 1991; Hou et al. 2017; Irvine 1977; Latypov et al. 2017) are important sources of 
economically-critical elements, like Cr, Fe, V, Ti and platinum group metals. Perovskite (CaTiO3) is 
not currently mined but could be a significant future titanium resource. This mineral is a typical 
accessory phase in a range of ultramafic and silica-undersaturated alkaline rocks, such as kimberlites, 
melilitolites, foidolites and carbonatites (Campbell et al. 1997; Chakhmouradian and Mitchell 1997; 
Nielsen 1980). In rare cases, perovskite is an abundant rock constituent, such as bebedourites in the 
Salitre alkaline complex, Brazil (Barbosa et al. 2012), dunites in the Gardiner carbonatite complex, 
Greenland (Campbell et al. 1997; Nielsen et al. 1997), and Benfontein kimberlite sills in South Africa 
(Dawson and Hawthorn 1973). However, perovskite deposits of significant tonnage and grade are 
exceptionally rare; the few examples, where the economic potential of the perovskite mineralisation has 
been explored are structurally and texturally complex alkaline-ultramafic intrusions at Afrikanda in 
northwestern Russia (Herz 1976), Tapira in southeastern Brazil (Brod 1999), and Powderhorn in 
Colorado, USA (Armbrustmacher 1981). It remains uncertain how the perovskite accumulated to ore-
grade levels in these settings. 
Scarcity of perovskite ore deposits has not entailed many genetic studies. Several scenarios 
have been proposed to account for perovskite-rich zones, the most common involves magmatic layering 
due to gravitational settling (Brod 1999; Dawson and Hawthorn 1973). On the other hand, perovskite-
rich segregations show textural similarities to other oxide deposits, so genetic models for oxide ores 
may be pertinent to the genesis of perovskite accumulations. Relevant models include in situ 
crystallisation (Charlier et al. 2006; Latypov et al. 2013; Pang et al. 2007; Vukmanovic et al. 2013), 
magma mixing (Eales et al. 1990; Irvine 1977; Kinnaird et al. 2002), liquid immiscibility (Kolker 1982; 
Lister 1966; McDonald 1965; Zhou et al. 2005), mobilization of cumulate suspension from staging 
magma reservoirs (Eales and Costin 2012; Mondal and Mathez 2006), and a range of postmagmatic 
ore-forming processes, including post-cumulus growth (Vidyashankar and Govindaiah 2009; 
Yudovskaya and Kinnaird 2010) and deposition from hydrothermal fluids (Cawthorn 2011; Harlov et 
al. 2016; Knipping et al. 2015; Pushkarev et al. 2015). The current array of contrasting genetic models 
for the formation of oxide deposits suggests that sources of metals and mechanisms of their 
accumulation are not exclusive and should not be pigeonholed. 
Our study of perovskite from the Afrikanda alkaline-ultramafic complex targets the 
understanding of mechanisms responsible for the development of related massive ore textures. We 
describe the mineral assemblages and textures of the main Afrikanda lithologies and define three key 
perovskite textural types and associated chemical trends. We discuss the stages of perovskite textural 
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development in the ultramafic rocks at Afrikanda, and the possibility of similar processes operating in 
other oxide deposits worldwide.  
 
3.2. Geological background 
The Afrikanda alkaline-ultramafic complex is one of the smallest intrusions in the Devonian (~380 Ma) 
Kola Alkaline Province that hosts more than twenty plutonic and subvolcanic bodies, including alkaline, 
ultramafic, carbonatite, and melilitolite suites (Kukharenko et al. 1965). The Afrikanda complex is a 
multiphase intrusion emplaced into Archaean gneisses of the Belomorian Mobile Belt during rifting of 
the Fennoscandian Shield (Chakhmouradian and Zaitsev 1999; Kramm et al. 1993). The complex has a 
~11.5 km2 circular shape at the current level of erosion, identified with gravimetric data as a 5 km thick 
ellipsoidal composite body with a NW-dipping conduit (Arzamastsev et al. 2000; Chakhmouradian and 
Zaitsev 2004). The complex has a concentric internal structure (Afanasyev, 2011; Kukharenko et al. 
1965) and hosts texturally and modally diverse olivinites and clinopyroxenites, cross-cut by minor 
intrusions of carbonatitic and foidolitic rocks (Chakhmouradian and Zaitsev 2004). 
The olivinites and minor melilite-bearing olivinites are found as xenoliths (up to 7 m) in the 
clinopyroxenites, implying that the former rocks represent the earliest intrusive phase at Afrikanda 
(Chakhmouradian and Zaitsev 1999). The term “olivinites” is used to emphasize that magnetite and 
perovskite, not chromite, are the major opaque minerals and to maintain consistency with previously 
published work on Afrikanda and other complexes in the Kola Alkaline Province and petrogenetically 
similar igneous provinces elsewhere in Russia. Most of the intrusion is composed of texturally and 
compositionally diverse clinopyroxenites (Chakhmouradian and Zaitsev 2004). These clinopyroxenites 
are coarse-grained in the centre and transition outwards from fine-grained to nepheline-bearing along 
the margins, before grading to melteigites. The perovskite ore and perovskite-bearing rocks are hosted 
in the coarse-grained clinopyroxenites, referred to in the Russian literature as “ore pyroxenites”, located 
in the central part of the complex. The ultramafic rocks often exhibit alternating oxide- and silicate-rich 
layers that are considered to represent igneous layering (Chakhmouradian and Zaitsev 2004). The oxide 
layers are primarily composed of perovskite and titanomagnetite and are enriched in rare earth elements 
(REE) (Chakhmouradian and Zaitsev 2004; Yudin and Zak 1971).  
A carbonatitic suite, also known as calcite-amphibole-clinopyroxene rocks, occurs in the 
central part of the complex as branching veins (2 cm to 2 m thick) and seemingly irregular (in outcrop) 
bodies that cross-cut the ultramafic series (Chakhmouradian and Zaitsev 1999). According to the field, 
geochemical and mineralogical evidence, carbonatitic rocks are distinct from the clinopyroxenites, 
despite the abundance of diopside and perovskite in both. The carbonatitic rocks are mostly massive 
and coarse-grained to pegmatitic with modal proportions that change considerably over a short distance, 
producing a succession from silicocarbonatites to calcite carbonatites (Chakhmouradian et al. 2008; 
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Chakhmouradian and Zaitsev 2004; Pekov et al. 1997). The silicocarbonatites show a widespread 
mineralogical variability on a small spatial scale (Chakhmouradian et al. 2008; Chakhmouradian and 
Zaitsev 1999; Chakhmouradian and Zaitsev 2002; Chakhmouradian and Zaitsev 2004; Zaitsev and 
Chakhmouradian 2002). Alkaline feldspathoidal rocks appear to be the last intrusive phase and are 
principally represented by the melteigite–urtite series. The bulk of these rocks is associated with the 
nepheline-bearing clinopyroxenites in the eastern part of the complex, but pegmatoid ijolites comprising 
major nepheline, magnetite, perovskite and, locally, biotite also occur in the core as dikes cross-cutting 
the ultramafic and carbonatitic rocks (Chakhmouradian and Zaitsev 1999). 
The Afrikanda perovskite-magnetite deposit is confined to the central part of the complex, 
dominated by coarse-grained clinopyroxenites (>50%) that host blocks of olivinites and are cross-cut 
by carbonatitic and feldspathoidal rocks. The ore comprises 15-35 vol.% Ti-rich magnetite and 10-36 
vol.% perovskite, and shows wide variations in the abundance of silicate minerals and calcite, reflecting 
extreme petrographic heterogeneity of this deposit. The measured reserves, delineated to a depth of 300 
m, include 34.3 Mt of ore averaging 12.5 wt.% Fe and 8.3 wt.% TiO2 (Afanasyev, 2011). 
 
3.3. Methodology 
All instruments used for the characterisation of samples are housed at the University of Tasmania, 
Australia. Polished samples were analysed by backscattered electron (BSE) imaging, energy dispersive 
X-ray spectrometry (EDS) and electron backscatter diffraction (EBSD) using a Hitachi SU-70 field 
emission scanning electron microscope (SEM) in the Central Science Laboratory. The SEM is fitted 
with an Oxford XMax80 EDS detector and an HKL Nordlys Nano EBSD camera. Major and trace 
element and U-Pb isotope analyses of perovskite and titanite were conducted using an Agilent 7900 
quadrupole ICPMS, coupled to a Coherent COMPex Pro 193 nm ArF excimer laser system equipped 
with a Laurin Technic (Resolution S155) constant geometry ablation cell at the School of Earth 
Sciences. Additional details are provided in Appendix 3.1. 
 
3.4. Petrography of rock units 
3.4.1. Melilite-bearing olivinites 
Melilite-bearing olivinites are fine- to medium-grained, inequigranular rocks composed of forsterite 
(0.3 to 2 mm), åkermanite (0.6 to 2.7 mm), perovskite (50 to 550 µm) and magnetite (0.2 to 1.5 mm), 
and cut by calcite and wollastonite veinlets. Inclusions of euhedral perovskite (30-200 µm) are also 
found in all other minerals. Perovskite grains are physically separated by serpentine. The preferential 
orientation of elongate forsterite and magnetite grains and ubiquitous serpentine in the same orientation 
defines a weak planar fabric in the rock. The interconnected networks and clusters of smaller euhedral 
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perovskite grains enclose and distort the anhedral åkermanite, forsterite and magnetite grains generating 
intergrown, irregular and concave shapes (Fig. 3.1a). Åkermanite is sodium-rich (2-3 wt.% Na2O) with 
thin rims of monticellite (11-12 wt.% FeO) surrounding some crystals. The forsterite crystals (~Fo86-88) 
contain up to 1 wt.% CaO and are partially replaced and cross-cut by serpentine with magnetite infill. 
Ferroan monticellite lamellae are observed within a few olivine grains (Fig. 3.2a). Magnetite is 
compositionally homogeneous with high Ti, Mg and Al contents (4-7, 1-2 and 1-2 wt.% respective 
oxides). 
3.4.2. Clinopyroxenites 
The examined clinopyroxenites are fine- to medium-grained, inequigranular rocks mainly 
composed of clinopyroxene, perovskite and magnetite with minor calcite, richterite, 
phlogopite, magnesiohastingsite, titanite, chlorite and various REE minerals (Fig. 3.1b). 
Diopside (0.2 to 1 mm) is zoned with titanomagnetite and magnesiohastingsite lamellae (Fig. 
3.2b) and inclusions of calcite, phlogopite and titanite. Diopside is partially replaced by 
magnesiohastingsite, biotite and clinochlore. Perovskite shows a range in grain sizes (0.05 to 
more than 2 mm), shapes (rounded to irregular) and zonation (homogeneous to complexly 
zoned), and varies from chains of euhedral crystals to large areas of interlocking grains. 
Magnetite grains are rounded (0.3 to 1.3 mm, with rare grains up to 10 mm) and contain 
variable Ti, Mg and Al contents (<4, 3 and 2 wt. % respective oxides). Magnetite also contains 
lamellae of Mg-rich ilmenite (Fig. 3.2c), trellis-like and irregular patches of ferroan spinel (<25 
µm) and Mn- and Mg-rich ilmenite (<50 µm). The Mg-rich ilmenite lamellae contain small 
crystals of ferroan Ti-rich spinel (1 to 3 µm) and baddeleyite (<1 µm) (Fig. 3.2d). REE phases 
are observed as inclusions in other minerals, with ancylite-(Ce) in richterite, cerite-(Ce) in 
calcite, and ancylite-(Ce), cerite-(Ce) and loparite-(Ce) in titanite.  
3.4.3. Silicocarbonatites 
The examined silicocarbonatite samples are extremely inequigranular (fine- to coarse-grained) and 
predominantly composed of calcite, diopside, perovskite, magnetite, magnesiohastingsite and titanite. 
In perovskite-rich areas, calcite occurs as veinlets (up to 5 mm in width), euhedral crystals (0.3 to >4 
mm across) and interstitial to perovskite (0.3 to 2 mm), and is the most abundant mineral in the samples 
(up to 50 vol. %). Titanite and cerite (less common) are observed at the peripheral areas of the calcite 
veinlets. Titanite is the most abundant interstitial mineral, with REE-minerals such as cerite-(Ce), 
loparite-(Ce) and ancylite-(Ce) found enclosed in the titanite. Magnetite has low Ti, Mg and Al contents 
(less than 1 wt. %, respectively) and contains lamellae of Mn- and Mg-rich ilmenite and irregular grains 
of Zn- and Fe-rich spinel. Perovskite shows a range of grain sizes (0.05 to more than 2 mm), shapes 
(rounded to irregular), and zonation (homogeneous to complexly zoned), and varies from small 
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interlocking grains to large areas of massive perovskite (Fig. 3.1c). Perovskite also occurs as clusters 
with accessory titanite, calcite, loparite-(Ce) and rare fluorapatite. For more detailed descriptions of the 
mineralogy and textures of silicocarbonatites the reader is referred to publications by Chakhmouradian 
and Zaitsev (1999; 2002; 2004) and Zaitsev and Chakhmouradian (2002). 
Figure 3.1 Backscattered electron (BSE) images of 
characteristic textures and mineralogy of the three main 
Afrikanda rock types. (a) Olivinites composed of large 
akermanite, olivine and magnetite grains enclosed by 
smaller perovskite grains. (b) Clinopyroxenite composed of 
diopside, magnetite and smaller perovskite grains. (c) 
Silicocarbonatite composed of perovskite, calcite and 
titanite. Abbreviations: Ak akermanite, Ttn titanite, Prv















Figure 3. 1 Backscattered electron ( SE) images of characteristic textures and mineralogy of the three main 
Afrikanda rock types. (a) Olivinites composed of large akermanite, olivine and magnetite grains enclosed by 
smaller perovskite grains. (b) Clinopyroxenite composed of diopside, magnetite and smaller perovskite grains. 
(c) Silicocarbonatite composed of perovskite, calcite and titanite. Abbreviations: Ak – akermanite, Ttn – titanite, 
Prv – perovskite, Mt – magnetite, Ol – ol vine, Di – diopside. 
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3.5. Perovskite textures 
Three distinct perovskite textures are identified in the three main rock types at Afrikanda. These types 
are defined by their morphology, composition, zoning patterns and abundance of multiphase inclusions 
(Figs. 3.3a-f).  
Figure 3. 2 BSE images of textural features in the Afrikanda rocks. (a) Ferroan monticellite lamellae in 
olivine from olivinites. (b) Titanomagnetite lamellae in diopside from clinopyroxenite. (c) Mg-rich 
ilmenite lamellae in magnetite from clinopyroxenite. (d) Close up of (c) with small crystals of ferroan 
Ti-rich spinel and baddeleyite (white specs) in the Mg-rich ilmenite lamellae. (e) Titanite, REE-
perovskite and loparite at T2 perovskite grain margins from clinopyroxenite. (f) Symplectite-like 
intergrowths of titanite, rutile and ilmenite in T2 perovskite from silicocarbonatite. Abbreviations: Ttn – 
titanite, Lpr – loparite, Prv – perovskite, Ilm – ilmenite, REE-prv – REE-rich perovskite, Mt – magnetite, 
Spl – spinel, Di – diopside, Mtc – monticellite, Rt – rutile, Srp – serpentine, Ol – olivine. 
Figure 3.2 BSE images of textural features in the Afrikanda rocks. (a) Ferroan monticellite lamellae in 
olivine from olivinites. (b) Titanomagnetite lamellae in diopside from clinopyroxenite. (c) Mg-rich 
ilmenite lamellae in magnetite from clinopyroxenite. (d) Close up of (c) with small crystals of ferroan
Ti-rich spinel and baddeleyite (white specs) in the Mg-rich ilmenite lamellae. (e) Titanite, REE-
perovskite and loparite at T2 perovskite grain margins from clinopyroxenite. (f) Symplectite-like 
intergrowths of titanite, rutile and ilmenite in T2 perovskite from silicocarbonatite. Abbreviations: Ttn
titanite, Lpr loparite, Prv perovskite, Ilm ilmenite, REE-prv REE-rich perovskite, Mt 

































Type one (T1) perovskite is observed in the olivinites and clinopyroxenites, characterised by 
interconnected polygonal crystal clusters and networks. The euhedral pseudo-octahedral perovskite 
grains (50-550 µm) have straight boundaries with widespread 120° triple-junctions (Fig. 3.3a). 
Multiphase inclusions are abundant in grain cores. The number of inclusions is dependent on grain size, 
with a general trend of more inclusions with increasing grain size. Most of the perovskite grains exhibit 
no detectable zoning in BSE images, while a small number of grains along the zone of contact with 
magnetite grains have a lower-AZ rim (AZ = average atomic number). Perovskite T1 in the 
clinopyroxenites has a greater number of grains with a low-AZ rim along their contact with both 
adjacent perovskite and magnetite grains. The perovskite grains neighboured by magnetite can also 










Figure 3.3 Representative BSE images of the various perovskite textures. (a) T1 in olivinites. (b) T1 in
clinopyroxenite. (c) T2 in clinopyroxenite. (d) T2 in silicocarbonatite. (e) T3 in clinopyroxenite. (f) T3
in silicocarbonatite. Abbreviations: Cal calcite, Di diopside, Lpr - loparite, Mt - magnetite, Ol
olivine, Srp serpentine, REE-prv REE-perovskite, Ttn - titanite












Figure 3. 3 Representative BSE images of the various perovskite textures. (a) T1 in olivinites. (b) T1 in 
clinopyroxenite. (c) T2 in clinopyroxenite. (d) T2 in silicocarbonatite. (e) T3 in clinopyroxenite. (f) T3 in 
silicocarbonatite. Abbreviations: Cal – calcite, Di – diopside, Lpr - loparite, Mt - magnetite, Ol – olivine, 
Srp – serpentine, REE-prv – REE-perovskite, Ttn – titanite. 
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Figure 3. 4 Structural analysis and crystallographic orientation of  
perovskite grains in the different textures. (a) T1 in olivinites. (b)  
T1 in clinopyroxenite. (c) T2 in clinopyroxenite.  (d) T2 in  
silicocarbonatite. (e) T2 (right) and T3 (left) in silicocarbonatite.  
(f) T3 in clinopyroxenite. (i) BSE image of the area mapped with  
EBSD shows perovskite grain boundaries. (ii) EBSD map  
representing the orientation of neighbouring perovskite grains in Euler space using colours to denote 
the variety of crystal orientations in space using Euler angles: φ1-red φ-green, φ2-blue. iii Inverse pole 
figure (IPF) map in the X or Z direction showing the variation in crystal orientation using colours. 
Black ovals show grains that are composed of subgrains with different crystallographic orientations. 
Figure 3.4 Structural analysis and crystallographic orientation of perovskite grains in 
the different textures. (a) T1 in olivinites. (b) T1 in clinopyrox nite. (c) T2 i  
clinopyroxenite. (d) T2 in silicocarbonatite. ( ) T2 (right) a d T3 (left) in
silicocarbonatite. (f) T3 in clinopyroxenite. (i) BSE image of the area mapped with 
EBSD shows perovskite grain boundaries. (ii) EBSD map representing the orientation 
of neighbouring perovskite grains in Euler space using colours to denote the variety of 
crystal orientations in space using Euler angles: 1-red -green, 2-blue. iii Inverse 
pole figure (IPF) map in the X or Z direction showing the variation i  crystal 
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Figure 3.4 Structural analysis and crystallographic orientation of perovskite grains in 
the different textures. (a) T1 in olivinites. (b) T1 in clinopyroxenite. (c) T2 in 
clinopyroxenite. (d) T2 in silicocarbonatite. (e) T2 (right) and T3 (left) in 
silicocarbonatite. (f) T3 in clinopyroxenite. (i) BSE image of the area mapped with 
EBSD shows perovskite grain boundaries. (ii) EBSD map representing the orientation 
of neighbouring perovskite grains in Euler space using colours to denote the variety of 
crystal orientations in space using Euler angles: 1-red -green, 2-blue. iii Inverse 
pole figure (IPF) map in the X or Z direction showing the variation in crystal 
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boundaries between perovskite are straight, whereas boundaries with other minerals are curvilinear. The 
perovskite grain boundaries in the melilite olivinites and clinopyroxenites are clearly visible, however, 
EBSD revealed that some of these grains are a composite of several subgrains, each with slight 
deviations in crystal orientation (Figs. 3.4aiii, biii). 
Type two (T2) perovskite in the clinopyroxenites is represented by an intricate mosaic of 
interlocking anhedral grains (0.1 to 1 mm; Figs. 3.1b, 3.3c) and in the silicocarbonatites, by rounded 
grains (0.2 to >2 mm) surrounded by interstitial material (Figs. 3.1c, 3.3d). Triple junctions are observed 
between adjacent perovskite grains in the clinopyroxenites, at approximately 120°. Multiphase and 
monomineralic inclusions of phlogopite, magnetite, loparite-(Ce), calcite, titanite and fluorapatite vary 
from rare to abundant among the examined samples. Perovskite in the silicocarbonatites contains a 
greater proportion of monomineralic inclusions and fewer multiphase inclusions than that in the 
clinopyroxenites. Zoning is prominent in all perovskite grains and can be highly complex in some areas 
or individual grains. Large grains commonly display less compositional complexity than the smaller 
Figure 3.5 BSE images of zoning patterns in T2 and T3 perovskite (enhanced contrast in c, d). 
(a) Complex zoning crossing grain boundaries in T2 clinopyroxenite. (b) Irregular zoning 
pattern in T3 clinopyroxenite. (c) The rims are enriched in REE (rare earth elements) and the 
cores are depleted in REEs in T2 perovskite in silicocarbonatites. The red dashed lines show 
the internal extent of zoning. (d) Dark rim (depleted in REE) in contact with calcite and 
loparite in silicocarbonatite. Abbreviations: Lpr loparite, Ttn titanite, Prv perovskite, Cal 

















Figure 3. 5 BSE images of zoning patterns in T2 and T3 perovskite (enhanced contrast in c, d). (a) 
Complex zoning crossi g grain boundaries in T2 clinopyroxenite. (b) Irre l r zoning pattern in T3 
clinopyroxenite. (c) The rims ar  enriched in REE (rare earth elements) and the cores are depleted in REEs 
in T2 perovskite in silicocarbonatites. The red dashed lines show the internal extent of zoning. (d) Dark 
rim (depleted in REE) in contact with calcite and loparite in silicocarbonatite. Abbreviations: Lpr – 
loparite, Ttn – t anite, P  – perovskite, Cal – calcite, REE-prv – REE-perovskite. 
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grains. The zoning in the core is challenging to decipher due to compositional changes occurring along 
the grain boundaries and fractures (Figs. 3.5a, 3.3d). In BSE images, most grains have a darker core 
and comparatively lighter rim caused by differences in concentration of Na, light rare earth elements 
(LREE), and Nb (Fig. 3.5d). The changes in composition at the rims are not systematic, often showing 
irregular, embayed patterns (Fig. 3.5a). In some samples, perovskite has darker rim in areas where 
perovskite is in direct contact with magnetite or calcite (Fig. 3.5c).  
Distinct areas of perovskite with elevated LREE contents (up to 20 wt. %), reflected in their 
high AZ, are referred to here as REE-perovskite. The mineral ranges in size from 20 µm to 1.5 mm and 
can exhibit irregular zoning due to differences in Na, LREE and Nb contents (Fig. 3.3d). The REE-
perovskite forms irregular, cuspate shapes as halos around loparite-(Ce) in perovskite and at perovskite 
rims that are commonly in contact with interstitial loparite-(Ce) and titanite (Fig. 3.2e). Type 2 
perovskite coexists with titanite, calcite and loparite-(Ce); rare fluorapatite was also found in  
the silicocarbonatites. Titanite is zoned and forms irregular wedge-shaped crystals between perovskite, 
thin rims around perovskite and intergrown with interstitial ilmenite (0.2-1 mm). REE-perovskite and 
loparite-(Ce) associated with T2 perovskite are more abundant in the silicocarbonatites, which also 
contain a larger proportion of interstitial minerals. Perovskite grain boundaries can be difficult to 
distinguish in BSE images, especially in the silicocarbonatites, however in the Euler images the 
boundaries are clearly visible (Figs. 3.4cii, dii). The Euler patterns also show that in the clinopyroxenites, 
most large irregularly shaped grains have only one crystallographic orientation, while the smaller more-
rounded grains still have differences in orientation that indicate the presence of subgrains (Fig. 3.4ciii). 
The irregular grain boundaries of large perovskite crystals suggest they developed from multiple smaller 
grains (Fig. 3.4cii). In the silicocarbonatites, the small and large perovskite grains have only one 
orientation (Fig. 3.4diii).  
Type 3 (T3) in the clinopyroxenites and silicocarbonatites is represented by massive perovskite 
with patches of irregular zoning and rare multiphase inclusions. The intensity of the zoning varies across 
the samples, some areas are almost homogeneous and others exhibit complex patterns due to extreme 
variations in Na, LREE and Nb contents (Fig. 3.5b). Chakhmouradian and Zaitsev (1999) also reported 
small-scale order-of-magnitude variations in Th in REE-perovskite and loparite-(Ce) mantling T3. 
These authors also described oscillatory growth patterns truncated by Na-REE (±Nb,Th)-rich areas in 
euhedral cubo-octahedral crystals. Mineral inclusions of titanite, calcite, loparite-(Ce) and cerite are 
dispersed throughout massive perovskite and between perovskite grains. Generally, areas of perovskite 
with interstitial minerals contain fewer mineral inclusions, and vice versa. Interstitial titanite can be 
intergrown with ilmenite and form large patches up to 1 mm containing scattered ilmenite and 
perovskite. Symplectite-like intergrowths of titanite, rutile and ilmenite (200-500 µm) are typical in 
some silicocarbonatites (Fig. 3.2f). Type 3 perovskite lacks easily distinguishable grain boundaries. The 
 48 
Euler images show that perovskite is massive, with the same crystallographic orientation for large areas 
of perovskite (Figs. 3.4eii, fii). 
 
3.6. Multiphase inclusions in perovskite 
The perovskite-hosted multiphase inclusions in the three rock types show rounded, elongated and 
irregular shapes, and range from <5 µm to 50 µm across. The inclusions are all identified as primary 
based on their random/unsystematic distribution within the grains and the lack of association with 
secondary features, such as healed fractures. The inclusions typically contain three to ten mineral phases 
and include anhydrous and water-bearing silicates, carbonates, oxides, sulphides and phosphates. The 
abundance of multiphase inclusions and their mineralogical complexity decrease from the olivinites to 
clinopyroxenites and then silicocarbonatites. A detailed analysis and discussion on these multiphase 
inclusions will be presented in a subsequent publication. 
Figure 3.6 Bivariate plots of LA-ICPMS major- and trace-element chemistry of the perovskites. Symbols 
correspond to the four perovskite textures found in the Afrikanda rock types: olivinites (crosses), clinopyroxenites 
(circles) and silicocarbonatites (triangles)
a)
Figure 3.7 Chondrite-normalised REE diagram of the average composition of T1 to 























































































Figure 3. 6 Bivariate plots of LA-ICP S major- and trace-element chemistry of the perovskites. Symbols 
correspond to the four perovskite textures found in the Afrikanda rock types: olivinites (crosses), 
clinopyroxenites (circles) and silicocarbonatites (triangles). 
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3.7. Perovskite compositions 
The textural types of perovskite in the three rock types vary in major and trace element compositions. 
The substituent elements show a negative correlation with Ca and Ti and a positive correlation with 
each other (Figs. 3.6a-d). Type 1 perovskite has the lowest abundances of substituent elements and a 
limited range of compositions, notably up to 2 wt.% REE and less than 1 wt.% Fe (Fig. 3.6d). The range 
in element concentrations is greater in T2 and T3 perovskite due to their complex zoning patterns, with 
the most compositional scatter observed in T2 perovskite from the silicocarbonatites and T3 perovskite 
from the clinopyroxenites (Fig. 3.6). Type 2 perovskite contains 1-7 wt.% REE and up to 1.5 wt.% Nb 
and Fe, while T3 perovskite has 4-7 wt.% REE, 1-2 wt.% Nb, and up to 1.5 wt.% Na and Fe. 
The REE budget of perovskite is dominated by cerium with the abundances of other lanthanides 
decreasing with increasing atomic number [La>Nd>Pr>Sm; (La/Yb)CN= 140-2300]. Chondrite-
normalised REE patterns for all textural types exhibit a negative slope (Fig. 3.7). Overall, the chondrite 
profiles show a relative enrichment in all REE from T1 to T3, with a greater increase in light REE for 
T2 and T3 compared to T1. The complete set of LA-ICPMS data is presented in the Appendix 3.2. 
 
Figure 3.6 Bivariate plots of LA-ICPMS major- and trace-element chemistry of the perovskites. Symbols 
correspond to the four perovskite textures found in the Afrikanda rock types: olivinites (crosses), clinopyroxenites 
(circles) and silicocarbonatites (triangles)
a)
Figure 3.7 Chondrite-normalised REE diagram of the average composition of T1 to 























































































Figure 3. 7 Chondrite-normalised REE diagram of the average composition of T1 to T3 perovskite in the 
Afrikanda complex. 
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3.8. U-Pb geochronology 
Fifteen in situ U-Pb isotopic measurements were obtained for perovskite from the olivinites, 45 from 
the clinopyroxenites and 124 from the silicocarbonatites. All but one analyses were used in age 
calculations. Perovskite contains abundant common Pb and so concordia intercept ages using the Tera-
Wasserburg plot are reported. The Pb isotope composition of calcite was analysed and used as a 
common-Pb anchor for the concordia intercept ages because this mineral has high Pb/U ratios. The 
measured 207Pb/206Pb value of calcite is 0.8277 ± 0.0039 and, thus, differs from the two-stage Pb 
evolution model of Stacey and Kramers (1975) for 380 Ma. Perovskite from all lithologies gives a 
concordia intercept age of 368.3 ± 1.2 +/- 7.48 Ma (including systematic uncertainties) with an MSWD 
Figure 3.8 Tera-Wasserburg concordia plot for (a) perovskite and (b) titanite 
analyses. Symbols: red circles are olivinites, blue squares are clinopyroxenites, 
grey diamonds are silicocarbonatites, grey and black triangles represent titanite 
around perovskite in the T3 and T4 silicocarbonatites, respectively. Error 
crosses are 1 sigma, while concordia intercept ages are 2 sigma. Systematic 
error component includes uncertainty in decay constants, uncertainty in 




Figure 3. 8 Tera-Wasserburg concordia plot for (a) perovskite and (b) titanite analyses. Symbols: red 
circles are olivinites, blue squares are clinopyrox nites, grey diamonds are silicocarbonatites, grey and 
black triangles represent titanite around perovskite in the T3 and T4 silicocarbonatites, respectively. 
Error crosses are 1 sigma, while concordia i t rcept ages are 2 sigma. Systematic error component 
includes uncertainty in decay constants, uncertainty in primary calibration material and excess 
uncertainty factor of Horstwood et al. (2016). 
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of 0.80 and a probability-of-fit of 0.98 (Fig. 3.8a). Perovskite ages for each of the analysed lithologies 
are reported in Table 3.1. 
One hundred and eleven in situ U-Pb isotope analyses of titanite were obtained from the 
silicocarbonatites. Significant scatter and discordance in the U-Pb system is present. A concordia 
intercept age of 374.2 ± 5.3 Ma +/- 7.5 Ma (including systematic uncertainties) was calculated for data 
points, whose concordance was greater than 50%, using the calcite common-Pb anchor (see above; Fig. 
3.8b). The complete set of U-Pb geochronology results are presented in the Appendix 3.3.   
 
3.9. Discussion  
3.9.1. Age of the Afrikanda complex 
The Palaeozoic igneous complexes in the Kola Alkaline Province were emplaced during a relatively 
short time during the Late Devonian (380-360 Ma) with no reliably post-Devonian magmatic events 
recorded to date (Arzamastsev et al. 2000). The Afrikanda complex was emplaced at ~380 Ma with 
Rock type Mineral Age (Ma) MSWD POF 
Olivinite Perovskite 370.4±5.4 / ±9.8 1.3 0.19 
Clinopyroxenite Perovskite 368.9±2.9 / ±7.9 0.84 0.76 
Silicocarbonatite Perovskite 368.1±1.3 / ±7.5 0.74 0.98 
Silicocarbonatite Titanite 374.2±5.3 / ±7.5 3.2 0.0 
Table 3. 1 Summary of U-Pb ages of perovskite and titanite from samples of olivinites, clinopyroxenites 
and silicocarbonatites. Uncertainties are 2 sigma absolute and include uncertainties derived from random 
sources followed by uncertainties from random plus systematic sources of uncertainty calculated 
according to Horstwood et al. (2016). POF = probably of fit. 
Figure 3.9 Age summary of the alkaline ultramafic rocks in the Afrikanda 
complex. 1-3 Perovskite (circles) analysed in this paper. 4 Whole rock 
analysis (hexagon) in Kramm et al. (1993). 5-6 Perovskite data in Reguir et 
al. (2010). 7-9 Calzirtite (triangle) and zirconolite (diamond) data in Wu et al. 
(2010). 10-18 Perovskite and baddeleyite (square) data in Wu et al. (2013). 19
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Figure 3. 9 Age summary of the alkaline ultramafic rocks in the Afrikanda complex. 1-3 Perovskite (circles) 
analysed in this paper. 4 Whole rock analysis (hexagon) in Kramm et al. (1993). 5-6 Perovskite data in 
Reguir et al. (2010). 7-9 Calzirtite (triangle) and zirconolite (diamond) data in Wu et al. (2010). 10-18 
Perovskite and baddeleyite (square) dat  in Wu t al. (2013). 19 Schorlomite (pentagon) analysis in 
Salnikova et al. (2018). 
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other alkaline-ultramafic complexes, including Kovdor, Turiy Mys, Lesnaya Varaka and Ozernaya 
Varaka (Arzamastsev and Wu 2014). 
Our geochronological study of perovskite from the melilite olivinites, clinopyroxenites and 
silicocarbonatites yielded similar ages of 370.4 ± 5.4, 368.9 ± 2.9, 368.1 ± 1.3, respectively (Table 3.1). 
Our average perovskite age of 368.3 ± 1.2 Ma (Fig. 3.8a) is in good agreement with most of the 
previously published U-Pb ages for this intrusion (Fig. 3.9), including: 364 ± 3 Ma and 374 ± 10 for 
perovskite from clinopyroxenite (Kramm et al. 1993; Reguir et al. 2010), 371 ± 8 Ma for perovskite 
from silicocarbonatite (Reguir et al. 2010), and 377 ± 3 Ma for schorlomite from silicocarbonatite 
(Salnikova et al. 2018). Somewhat older ages were reported by Wu et al. (2010; 2013) for perovskite 
from clinopyroxenite, calcite-bearing perovskite ore and ijolite–melteigite (376-385 Ma, averaging 
381±2 Ma), and for calzirtite and zirconolite from clinopyroxenites (Wu et al. 2010). Several factors 
could be responsible for the slight age discrepancies between our data and the data of Wu et al. (2010; 
2013), including the choice of U-Pb calibration material, susceptibility of some analytical techniques 
to matrix effects, and the choice of a common-Pb anchor. Our study supports the contemporaneous 
emplacement of the various rock types (olivinites, clinopyroxenites and silicocarbonatites) in the 
Afrikanda complex, as indicated by the identical ages of the perovskite from the different lithologies 
(Fig. 3.9). Evidence for the relatively rapid emplacement of the Afrikanda deposit comes primarily from 
the homogeneity of the perovskite U-Pb ages (MSWD of 0.80 for all perovskite analyses), at least at 
the precision attainable with the LA-ICPMS system used. Additionally, our study presents new insights 
into the common-Pb isotopic composition of the Afrikanda perovskite and shows that the initial Pb 
isotopic composition of its parental magma is significantly more radiogenic than predicted by the two-
stage model of Stacey and Kramers (1975). 
U-Pb age data have not been previously reported for titanite from the Afrikanda complex. 
Significant scatter in the U-Pb system for titanite is a result of either Pb movement within the titanite 
structure after crystallisation, or the incorporation of radiogenic and common Pb. Lead loss or partial 
re-setting of the U-Pb system during later re-crystallisation events could also be responsible for some 
of the scatter (Fig. 3.8b). Using data whose concordance is better than 50%, an age of 374.2 ± 5.3 Ma 
was calculated and is consistent with the perovskite results discussed above (Table 3.1). However, a 
range of younger titanite ages that are more discordant due to Pb loss suggest there may have been a re-
setting or titanite crystallization event.  
3.9.2. Development of perovskite textures 
The detailed textural and chemical examination of perovskite in the olivinites, clinopyroxenites and 
silicocarbonatites revealed three perovskite types distinguished by morphology, zonation, inclusion 
abundance and chemical composition. The olivinites host T1 perovskite (Figs. 3.1a, 3.3a), whereas the 
clinopyroxenites contain T1-3 perovskite (Figs. 3.1b, 3.3b-d) and similar T2 and T3 textures are 
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observed in the silicocarbonatites. We have separated the geological interpretation of the ultramafic 
rocks (discussed below) from that of the silicocarbonatites. The focus here is primarily on the textural 
evolution of the olivinites and clinopyroxenites, because perovskite textures in the silicocarbonatites 
have been discussed previously by Chakhmouradian and Zaitsev (1999; 2004). 
3.9.3. Olivinites and clinopyroxenites  
Textures of rocks are the sum of all processes involved from the initial formation through 
maturation, and can be used to understand the sequence and nature of each of the evolutionary stages. 
However, the process of textural equilibration can effectively obscure features related to earlier 
developmental phases, so we can only speculate from the existing textures about the nature of a rock 
prior to recrystallization (Pike and Schwarzman 1977). In the case of the Afrikanda rocks, T1 perovskite 
forms chains and clusters and may suggest that at some point in the early history of the rock individual 
euhedral grains of perovskite were disseminated and then clumped together to form clusters and chains 
(Figs. 3.1a, 3.3a, b). However, we cannot provide clues on the origin of these individual perovskite 
grains due to the subsequent overprinting events. Therefore, we focus here on development of the 
Afrikanda perovskite ore by reconstructing the later stages of mineral amalgamation and 
recrystallization. 
3.9.3.1. Textural equilibration 
The T1 perovskite aggregates consist of closely packed equigranular crystals with pseudo-octahedral 
shapes, forming straight boundaries that converge at ~120° triple junctions. This arrangement resembles 
granoblastic-polygonal textures (Figs. 3.3a, 3.10a), as observed in monomineralic cumulates, mantle-
derived ultramafics and massive metamorphic rocks such as granofelses (Figs. 3.10a, b; Higgins 2011; 
Holness et al. 2005; Holness et al. 2006; Hunter 1987; Kretz 1966; Wandji et al., 2009). Therefore, we 
suggest the granoblastic-polygonal texture of T1 perovskite indicates that the host rocks have 
experienced dynamic textural equilibration. The granoblastic-polygonal texture of T1 perovskite in 
olivinites and clinopyroxenites differs marginally due to the variable abundance and distribution of the 
surrounding minerals, with perovskite in the olivinites clumped together forming aggregates, but 
dispersed in clinopyroxenites forming chains. Textural equilibration is a well-known phenomenon in 
natural systems (e.g., Higgins 2015; Higgins 2017; Holness et al. 2006), but the bulk of empirical data, 
computer simulations and models come from materials research, especially alloys, ceramics and thin 
films (e.g., Holm et al. 2016). Thus, our current understanding of textural equilibration is limited to 
relatively simple systems (from a geologist’s standpoint) that differ both chemically and mechanically 
from oxide-silicate assemblages described in the present work. Another challenge in adopting materials 
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science theories to rocks is terminology; for example, their use of the term “recrystallization” is 
essentially restricted to deformation-induced phenomena, whereas processes addressed in this paper 
would be described as “grain growth due to annealing” (e.g., Chapter 11 in Humphreys and Hatherly 
(2004)). According to previously published experimental evidence, the degree and style of textural 
equilibration depend on many parameters, notably temperature, pressure, grain distribution, modal 
homogeneity of the precursor, high-temperature phase transitions, the presence of structural defects, 






Figure 3.10 BSE images of granoblastic textures (a-d) SEM (e, f) Plane-polarized light. (a) Equigranular 
mosaic of T1 perovskite from olivinite in the Afrikanda complex with straight boundaries and 120o triple 
junctions. (b) Perovskite chains of T1 perovskite from clinopyroxenite in the Afrikanda complex. (c) 
Polygonal grains of Ti-magnetite in an Fe-Ti oxide ore layer at Panzhihua, China. (d) Disseminated 
equigranular euhedral chromite, with some chains and aggregates from Merensky Reef, South Africa. (e) 
Chains of chromite grains in a xenolith hosted in a tertiary basalt from the Snowy Mountains, Australia. 
(f) Close up of (e). Abbreviations: Chr chromite, Sil silicate minerals, Prv perovskite, Ilm



















Figure 3. 10 BSE images of granoblastic textures (a-d) SEM (e, f) Plane-polarized light. (a) 
Equigranular m saic of T1 perovskite from olivinite in the Afrikanda complex with straight boundaries 
and 120o triple junctions. (b) Perovskite chains of T1 perovskite from clinopyroxenite in the Afrikanda 
complex. (c) Polygonal grai of Ti-magnetite in an Fe-Ti oxide ore layer at Panzhihu , China. (d) 
Disseminated equigranular euhedral chromite, with some chains and aggregates from Merensky Reef, 
South Africa. (e) Chains of chromite grains in a xenolith hosted in a tertiary basalt from the Snowy 
Mountains, Australia. (f) Close up of (e). Abbreviations: Chr – chromite, Sil – silicate minerals, Prv – 
perovskite, Ilm – ilmenite, Mt – magnetite, Di – diopside, Po – pyrrhotite. 
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et al. 2017; McCloy et al. 2009; Syrenko and Klinishev 1973). Because we observe no evidence for 
postmagmatic metamorphism at Afrikanda, and the subsolidus mineral assemblages common in the 
silicocarbonatites record a temperature range of 200-400 °C (Chakhmouradian and Williams 2004; 
Chakhmouradian and Zaitsev 2004), we assume the documented textural changes arose during cooling. 
The process involved grain-boundary migration, boundary-angle adjustment, dislocation movement, 
loss of inclusions, and ultimately, coarsening of the grains to minimise their internal and surface 
energies (Hunter 1987). We suggest that after perovskite accumulation, slow cooling of the ultramafic 
rocks enabled the transformation of many small, randomly oriented and possibly irregularly-fitted 
perovskite grains into the observed polygonal mosaics (Figs. 3.1a, 3.3a, 3.10a).  
3.9.3.2. Perovskite coalescence and coarsening 
Grain coalescence and coarsening are important processes in the late stages of textural equilibration 
(Doherty et al. 1997; Hunter 1987). In this section, we discuss grain growth during subsolidus evolution 
of the ultramafic rocks at Afrikanda as a continuation of the previously recognised textural 
equilibration. The development of larger grains can either occur by grain boundary migration, i.e. 
through the dissolution of small crystals and simultaneous growth of larger crystals, or by grain 
coalescence, where adjacent grain boundaries are eliminated as similarly oriented crystals coalesce 
(Higgins 2011; Li 1962). The application of EBSD in our study of perovskite enables us to identify and 
differentiate between these two types of grain growth (Humphreys 2001). Some large grains in T1 and 
T2 perovskite are composed of subgrains with slightly different crystallographic orientations (circled 
in Figs. 3.4a-c). These subgrains within larger perovskite grains suggest the dominant mechanism of 
grain growth was grain rotation and coalescence. Experimental evidence has shown that coalescence is 
favoured over grain boundary migration at lower temperatures (Rios et al. 2005; Sandström et al. 1978; 
Varma and Willits 1984; Walter and Koch 1963). This further supports that the observed perovskite 
textures and their inferred transformation represent a postmagmatic environment. 
The process of grain coarsening occurs via diffusion of vacancies in the crystal lattice, in an 
effort to eliminate or homogenise high angle, irregular, and large area boundaries (Li 1962). These 
disequilibrium features are removed as adjacent crystals adopt similar crystallographic orientations and 
grain boundaries are eliminated as similarly oriented grains coalesce into one larger crystal; this process 
is exemplified by T1 and T2 perovskite (circled in Figs. 3.4a-c) (Jones et al. 1979; Li 1962; Rios et al. 
2005). These larger grains can continue to grow at low-angle boundaries with neighbouring small grains 
(Li 1962). Also during coalescence, the new grain boundaries straighten, removing 120° triple junctions 
by adjusting the dihedral angles of the adjacent grains. This process alters the morphology of the newly 
coalesced grain and neighbouring grains (see Fig. 4 in Rios et al. (2005)). Triple junctions are typical 
in T1 perovskite, while less common triple junctions in T2 are no longer strictly at 120° due to the 
boundary migration associated with grain coalescence (Fig. 3.3c; Vernon 1970). Type 2 perovskite 
shows the best examples of grain coalescence, with EBSD images capturing grain coalescence “in 
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progress” (like T1) and at completion. Larger T2 perovskite grains in the clinopyroxenites have some 
remaining triple junctions and are composed of multiple misoriented subgrains of similar sizes to T1 
perovskite (Fig. 3.4ciii). We suggest the large grains initially resembled T1 perovskite clusters prior to 
coalescence and have not completely adopted a uniform orientation. Further, we interpret the textural 
equilibration in the Afrikanda perovskite samples to indicate that coalescence and coarsening of small 
equilibrated polygonal clusters (T1) enabled the development of a mosaic of larger T2 polycrystalline 
grains with interlocking grain boundaries and smaller areas of massive T3 perovskite.  
3.9.4. Effects of recrystallization 
The coarsening of accumulated perovskite during recrystallization in the Afrikanda complex is 
supported by the complex chemical zoning patterns in perovskite and exsolution lamellae in the 
associated minerals. 
3.9.4.1. Perovskite chemical zoning  
Perovskite-group minerals serve as sensitive indicators to changes in parental environments through 
complex substitutions of multiple elements in their structure (Chakhmouradian et al. 2013; Mitchell et 
al. 2017). The variation in the composition and zoning of perovskite from T1 to T3 records the chemical 
evolution of its crystallization environment under open- or closed-system conditions. Zoning patterns 
can be caused by chemical fluctuations in the parental medium, changes in the physical conditions 
during crystal growth, or solid-state redistribution of elements (Dowty 1976a; Dowty 1976b).  
Perovskite in T1 is distinguished from T2 and T3 perovskite by the state of textural equilibration 
and significant differences in chemical composition. Importantly, T1 grains have no internal zoning, 
consistently low REE values and minor compositional variation localized to the rims of some grains in 
contact with magnetite (Figs. 3.3b, 3.6a-d). Perovskite in the clinopyroxenite shows far more 
compositional variation, with simple zoning along perovskite grain contacts and oscillatory patterns at 
the contacts adjacent to magnetite (Fig. 3.3b). We interpret the internal compositional homogeneity to 
record textural equilibration of perovskite grains, and the minor zoning to arise from later metasomatic 
processes. 
In contrast, T2 and T3 perovskite are significantly more complex with non-systematic and 
discontinuous zoning (Figs. 3.5a, b). Their composition is highly variable, particularly with respect to 
REE contents (Fig. 3.6d) and is linked with the irregular and complex zoning patterns. Zoning in T2 
and T3 perovskite could be associated with the development of local chemical gradients during grain 
coalescence, where the differential diffusion of cations creates compositional complexity and 
irregularity superposed over the existing grain morphology (Fig. 3.6d). Perovskite in T3 is massive and 
most of T3 is relatively homogeneous, with some areas still displaying convoluted zoning with no clear 
pattern (Figs. 3.3e, f). We suggest these homogeneous areas re-equilibrated through solid-state diffusion 
removing the complex zoning and physical impurities such as multiphase inclusions. Areas that are 
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texturally heterogeneous underwent limited textural re-equilibration, however the zoning is still less 
complex or abundant than in T2 perovskite. 
3.9.4.2. Controls on perovskite compositions 
The composition of T1 perovskite is fairly homogeneous, while T2 and T3 vary significantly, reflecting 
changes in the availability of such elements as REE, Nb and Th (Figs. 3.6c, d). In T2 perovskite, these 
elements are primarily concentrated at the rims and along the grain boundaries (Figs. 3.2e, 3.5a, c, d). 
This type of zoning can be produced by selective cation diffusion during re-equilibration of perovskite 
with a fluid phase. This process has been invoked to explain perovskite zoning in some kimberlites 
(Chakhmouradian et al. 2013) and loparite-(Ce) replacement by cation-deficient phases in some alkaline 
rocks (Chakhmouradian et al. 1999). We suggest the high-REE rims in the Afrikanda T2 perovskite are 
probably associated with the progressive infiltration of REE and other substituent elements into 
perovskite from a fluid percolating along grain boundaries and fractures (Fig. 3.2e). The formation of 
T3 perovskite was a continuation from T2 polycrystalline grains, and resulted in higher levels of REE 
(on average) in T3 relative to T2 perovskite from the same rock type (Fig. 3.7). This enrichment in REE 
possibly required input of these elements from an external source (e.g., carbonatitic or alkaline magma; 
Chakhmouradian and Mitchell 1997). We envisage that continuous flux of REE through the ultramafic 
intrusion under open-system conditions produced the compositional variations. 
The presence of REE-perovskite and loparite-(Ce) as discontinuous rims and overgrowths on 
T2 and T3 perovskite (Figs. 3.2e, 3.5a, b) is also undoubtedly linked to the infiltration of a REE-rich 
fluid in an open system. We agree with Chakhmouradian and Mitchell (1997) that these minerals 
developed due to infiltration of REE-rich CO2-rich fluid, which facilitated both fracturing and the 
uptake of REE (± Th ± Nb) in the perovskite structure. The infiltration of REE into the crystal structure 
produces a diffuse marginal zone of REE-perovskite (Fig. 3.2e), whose width is controlled by the 
kinetics of diffusion and the relative diffusivity of differently charged cations (Chakhmouradian et al. 
2013). Similar perovskite-loparite-(Ce) reaction rims and mantles have been reported in other 
carbonatite complexes and, less commonly, in evolved kimberlites (Chakhmouradian et al. 1999; 
Chakhmouradian and Mitchell 1997; Chakhmouradian and Mitchell 2000). 
3.9.4.3. Exsolution lamellae 
Exsolution lamellae are a common feature in minerals that have undergone re-equilibration to rid their 
crystal structure of impurities through solid-state diffusion (Putnis 2009). Exsolution textures in the 
olivinites and clinopyroxenites include monticellite lamellae in forsterite (Fig. 3.2a), magnetite and 
magnesiohastingsite lamellae in diopside (Fig. 3.2b), and inclusions of spinel and ilmenite in Ti-rich 
magnetite (Figs. 3.2c, d).  
Calcium is generally a minor constituent in forsterite, with concentrations lower than 1 wt.% (Jurewicz 
and Watson 1988; Simkin and Smith 1970). The rare occurrence of Ca-rich exsolution phases, such as 
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diopside and monticellite-kirschsteinite, have been reported as a product of postmagmatic 
transformation of olivine in terrestrial rocks (Gaeta 1996; Markl et al. 2001; Xiong et al. 2017; Yufeng 
et al. 2008) and meteorites (McKay et al. 1998; Mikouchi et al. 1995). We interpret the textures in the 
Afrikanda samples to have formed by exsolution of Fe-rich monticellite during postmagmatic 
equilibration of Ca-rich forsterite. Elongate lamellae of oxide phases in pyroxenes are observed in mafic 
igneous and metamorphic rocks (Fleet et al. 1980; Garrison and Taylor 1981). Based on petrographic 
evidence, we suggest that exsolution of Ti-rich magnetite and magnesiohastingsite from the diopside 
host at Afrikanda also occurred during subsolidus equilibration.  
Magnetite is observed in both rock types, but the composition and homogeneity (i.e., the nature and 
relative abundance of exsolution lamellae) differs between the examined olivinite and clinopyroxenite 
samples. Exsolution textures in Ti-rich magnetite are common in mafic plutonic rocks and have been 
the subject of much research (Haggerty 1991; Price 1980; Ramdohr 2013). Exsolution textures reflect 
the chemical composition and cooling history of the precursor magnetite (Buddington and Lindsley 
1964; Howarth et al. 2013; Von Gruenewaldt et al. 1985). The magnetite in the olivinites has the highest 
concentrations of Ti, Mg and Al and does not exhibit any exsolution lamellae. Magnetite in the 
clinopyroxenite samples has much lower levels of these elements due to preferential partitioning of Ti 
and Mg into ilmenite, and Mg and Al into spinel inclusions (Fig. 3.2d). The variation in magnetite 
texture between the two rock types supports the suggestion that they underwent different degrees of 
subsolidus re-equilibration.  
3.9.5. Perovskite textures in the silicocarbonatites 
3.9.5.1. Chemical composition and zoning 
Perovskite zoning in the silicocarbonatites is more complex than in the clinopyroxenites. The T2 
perovskite has oscillatory zoning in the cores and irregular zoning at the rims (Fig. 3.5d) and in T3 
massive perovskite has areas with oscillatory or irregular zoning, as well as homogeneous areas. The 
oscillatory zoning in T2 and T3 perovskite is a primary magmatic feature. The irregular complex zoning 
juxtaposed over primary growth patterns in these perovskite varieties was caused by progressive 
infiltration of REE, Na and locally also Nb and Th into the structure during postmagmatic fluid-driven 
alteration (Chakhmouradian and Zaitsev 1999). This process culminated with the deposition of REE-
perovskite and loparite-(Ce) locally along the margin of, and fractures within, perovskite crystals (Figs. 
3.3d, 3.5c, d). Titanite crystallized after these minerals, indicating either an increase in silica activity, 
or a decrease in fluid temperature (Chakhmouradian 2004). The formation of symplectitic intergrowths 
of titanite with rutile and ilmenite (Fig. 3.2f) implies increasing fluid acidity or, more likely, a further 
decrease in temperature, which would expand the stability fields of both rutile and ilmenite at a given 
pH, p(CO2) and a(Fe2+) (Chakhmouradian 2004; Chakhmouradian and Mitchell 2002). 
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Occasional grains of T2 perovskite rimmed by low-REE material are much less common and could 
be produced by the inverse process, i.e. extraction of REEs from perovskite by percolating fluids (Fig. 
3.5c). The compositionally homogeneous sections in T3 perovskite probably re-equilibrated through 
solid-state diffusion, which erased such primary textural characteristics as growth zoning and 
multiphase inclusions.  
3.9.5.2. Textural development 
In the silicocarbonatites, we observe irregularly shaped crystals with continuous crystallographic 
orientation, similar to the clinopyroxenites; however, the small perovskite grains also have a single 
crystallographic orientation and are not a composite of subgrains (Fig. 3.4diii). The absence of EBSD 
evidence of subgrain coalescence and the preservation of oscillatory zoning in T2 and T3 perovskite 
suggests that the coarse-grained perovskite did not undergo the same coalescence and amalgamation 
processes as those observed in the ultramafic rocks. However, the similarities in chemical composition, 
zoning patterns and associated minerals (e.g., titanite, REE-perovskite and loparite-(Ce)) indicate that 
the perovskite from both the ultramafic rocks and silicocarbonatites experienced the same fluid-driven 
alteration. We propose that the silicocarbonatites did not undergo perovskite recrystallization due to the 
lower solidus temperature of the silicocarbonatites compared to the ultramafic rocks. Also, the 
perovskite was initially fine-grained in the olivinites and clinopyroxenites but coarse-grained in the 
silicocarbonatites, so the difference in initial grain size may have impeded perovskite recrystallisation 
in the silicocarbonatites. 
3.9.6. Textural similarities with other oxide deposits 
Several textural features that support the process of perovskite amalgamation and re-equilibration in the 
Afrikanda complex are observed in other oxide-rich igneous systems, namely chromite and magnetite 
deposits (Charlier et al., 2006; Dill, 2010; Mungall, 2014), as well as mantle-derived lherzolites and 
dunites (Wandji et al., 2009), apatite in carbonatites (Chakhmouradian et al., 2017; Kamenetsky et al., 
2015), recrystallized nepheline syenites (Chakrabarty et al., 2016; Ulbrich, 1993) and magnesian-
ilmenite xenolith/xenocrysts in kimberlites and basanites (Mitchell, 1973; Leblanc et al. 1982). These 
features include granoblastic mosaics, massive textures, grain coarsening and the transition from 
inclusion-rich to inclusion-free grains (Christiansen 1985; Ghisler 1976; Yudovskaya and Kinnaird 
2010). Understanding the mechanisms responsible for the development of these features in 
disseminated and massive ore bodies within chromitite and magnetitite layers remains ambiguous.  
3.9.6.1. Granoblastic mosaics and massive textures  
For comparison, we have chosen typical examples of ophiolite dunites, podiform chromitites and 
ultramafic xenoliths. Chains of connected euhedral chromite crystals observed in ultramafic xenoliths, 
igneous complexes like Bushveld (South Africa) and Fiskenaesset (Greenland) and the Oman ophiolite 
resemble networks of T1 perovskite (Fig. 3.10e). Granoblastic textures in peridotitic xenoliths from the 
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subcontinental lithospheric mantle are highlighted by the equigranular, euhedral olivine with 
interspersed linear chromite chains (Figs. 3.10e, f). The latter are similar to the T1 perovskite chains at 
Afrikanda (Fig. 3.10b). The xenolith textures reflect metamorphic stresses that caused mineral grains 
to recrystallize into granoblastic mosaic textures with straight margins and 120° triple junctions (Pike 
and Schwarzman 1977). At Bushveld and Fisknaesset, small chromite grains are generally euhedral to 
subhedral and form elongate chains, also reminiscent of T1 perovskite (Ghisler 1970; Sampson 1932; 
Yudovskaya and Kinnaird 2010). Silicate mineral inclusions are common and mostly restricted to grain 
cores.  
Chromitites in the Oman ophiolite belt demonstrate an increasing grain size with deformation 
(Christiansen 1986). Christiansen (1985) described three morphological types of chromite (A, B and C) 
that are comparable to the three textural types of perovskite (T1, T2 and T3), respectively in the present 
study. Type A consists of closely packed subhedral to euhedral chromite grains that mostly range 
between 0.5 and 1 mm across and regularly host silicate inclusions. Type B is closely packed, subhedral 
to anhedral chromite grains between 0.1 mm and 4.5 mm in size with occasional silicate inclusions. 
Type C is composed of massive, closely packed and interlocking anhedral chromite grains with 
indiscernible boundaries and an estimated size larger than A- and B-type grains. Christiansen (1985; 
1986) proposed that the coarsening of chromite occurred during recrystallization and was driven by 
strain-induced grain boundary migration and/or grain growth driven by interfacial energy gradient. We 
suggest that a similar mechanism was responsible for the textural evolution of perovskite in the 
Afrikanda ultramafic rocks.  
Chains of connected crystals with granoblastic-polygonal textures are also observed in 
disseminated magnetite ore from the Panzhihua layered mafic intrusion, China. In this intrusion, 
magnetite mostly forms net-textures with densely packed clusters of polygonal grains with straight 
boundaries and 120° interfacial angles (Fig. 3.10c) that resemble the granoblastic texture of T1 
perovskite (Figs. 3.1a, 3.3a, 3.10a; Pang et al. 2007; Zhou et al. 2005). 
The presence of both inclusion-rich euhedral grains and inclusion-poor anhedral grains is also 
observed in chromitite layers from the Oman ophiolite belt and the Fiskenaesset and Bushveld 
complexes (Christiansen 1985; Ghisler 1976; Yudovskaya and Kinnaird 2010). The transition between 
these textures can be associated with late post-magmatic processes including re-equilibration, post-
cumulus growth and contact metamorphism. The development of these inclusion-free grains and the 
associated massive textures at Afrikanda and other oxide deposits will be discussed in a subsequent 
publication.  
No conclusive and/or unifying model has been proposed to explain the ore distributions and 
textural transformations observed in the aforementioned mineral deposits. Traditionally, the formation 
of oxide-rich seams, bands, stringers and layers has been linked to magmatic processes. Perovskite, 
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chromite and magnetite deposits share textural features that could imply that their development 
involved similar mechanisms. As we suggest for perovskite in the Afrikanda alkaline-ultramafic 
complex, the initial crystallisation of oxide minerals (whether magmatic or not) is followed by their 
textural re-equilibration at subsolidus temperatures. This re-equilibration produces perceptible changes 
in the morphology, size, orientation and compositional homogeneity of oxide mineral grains. From an 
exploration standpoint, the most important outcome of these processes is the accumulation of early-
formed crystals into high-density oxide-rich zones and their coarsening and “purification” to form high-
grade mineralized zones.  
 
3.10. Conclusions 
The textural and chemical examination of perovskite from the olivinites, clinopyroxenites and 
silicocarbonatites in the Afrikanda alkaline-ultramafic complex revealed three types of perovskite (T1 
to T3) and lead to the following conclusions: 
1. Perovskite from olivinites, clinopyroxenite and silicocarbonatite yielded similar ages, with an 
average of 368.3±1.2 Ma. The perovskite and titanite ages support the contemporaneous 
emplacement of these lithologies at Afrikanda. The ages are slightly younger than previously 
published ages and could be due to discrepancies associated with the technique or reflect the 
timing of recrystallization. 
2. In ultramafic rocks (olivinites and clinopyroxenites) the progressive coarsening of perovskite 
from small, euhedral, disseminated grains into large anhedral and massive grains, and the 
various textures and zoning patterns is evidence of post-magmatic recrystallization and textural 
re-equilibration. We propose the post-magmatic development of perovskite involved three 
stages: (1) textural equilibration enabling the development of perovskite clusters and chains 
after initial perovskite crystallisation; (2) grain rotation and coalescence of the small 
equilibrated polygonal clusters to form larger anhedral polycrystalline mosaics; (3) in some 
areas the continued consolidation and coarsening transforms the large polycrystalline 
perovskite into massive perovskite.  
3. The textural similarities between perovskite from Afrikanda and chromite and magnetite layers 
in various igneous complexes suggest similar post-magmatic coarsening processes are also 
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Appendix 3.1 Methodology 
 
EDS and EBSD analysis 
Backscattered electron (BSE) imaging, energy dispersive X-ray spectrometry (EDS) and electron 
backscatter diffraction (EBSD) were performed using a Hitachi SU-70 field emission scanning electron 
microscope (SEM). The instrument is fitted with a Hitachi photo-diode BSE detector and an Oxford 
AZTec 3 microanalysis system with XMax80 EDS detector and HKL Nordlys Nano EBSD camera.  
For BSE-EDS analyses the samples were coated with around 20 nm of carbon using a Ladd 
40000 carbon evaporator and analysed at 15 kV accelerating voltage and 2-3 nm beam current. Elements 
were calibrated on well characterised natural and synthetic standard reference materials. The intensity 
of the cobalt K x-ray peak series was determined at the start of each session on pure cobalt metal as an 
indirect beam current measurement to avoid normalisation of compositional data to 100% total. 
For combined EDS-EBSD mapping the samples received an additional polishing step after 
conventional mechanical polishing using a Pace GIGA-0900 vibratory polisher with SIAMAT colloidal 
silica suspension (particle size 60nm, pH >9.5) and a thinner carbon coating of around 10 nm. The 
samples were analysed at 70º tilt from normal, 20 kV accelerating voltage, and 3 nm beam current. 
EBSD maps were processed using the HKL Channel5 Tango package. 
 
Perovskite and titanate U-Pb analysis and data reduction 
Perovskite and titanite U-Pb analyses were performed on an Agilent 7900 quadropole ICPMS, coupled 
to a Resolution S155 laser ablation system with a Coherent COMPex Pro 110 ArF Excimer laser 
operating at 193nm wavelength and ~20ns pulse width.  Each analysis was pre-ablated with 5 laser 
pulses to remove any surface contamination. Blank gas was analysed for 8 s followed by 25 s of 
perovskite ablation with operating conditions of 5 Hz and ~2 J/cm2 using a spot size of 32 µm. Helium 
carrier gas flowing at 0.35 l/min carried particles ablated by the laser out of the sample chamber  and 
mixed with Ar gas before transfer to the plasma. For perovskite, the down hole fractionation, instrument 
drift and mass bias calibration for Pb/U and Pb/Th ratios were calculated using the 91500 zircon 
analysed throughout each analytical session with U-Pb isotopic values from (Horstwood et al., 2016). 
Isotopes measured for the perovskite dating included: 49Ti, 56Fe, 202Hg, 204Pb, 206Pb, 207Pb, 208Pb, 232Th 
and 238U. Currently no widely available reference material for U-Pb exists for the mineral perovskite, 
so a fragment of perovskite from the Oka carbonatite complex was analysed each session to assess 
accuracy of the technique. Our results for perovskite from the Oka carbonatite gave a Concordia 
intercept age of 121.2±3.9  Ma +/- 4.59 Ma (incl. systematic uncertainties), well within uncertainty of 
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the Cox and Wilton (2006) age of 131±7Ma age for perovskite from the Oka carbonatite and consistent 
with apatite fission track ages for the complex (Cox and Wilton (2006) and references within).  For 
titanite, the down hole fractionation, instrument drift and mass bias calibration for Pb/U and Pb/Th 
ratios were calculated using analyses of an in-house titanite reference material with un-published ID-
MC-ICPMS U-Pb  isotopic composition. Isotopes measured for the perovskite dating included: 49Ti, 
56Fe, 202Hg, 204Pb, 206Pb, 207Pb, 208Pb, 232Th and 238U. Accuracy of this calibration was done using several 
titanite reference materials for U-Pb including titanite from the Fish Canyon Tuff (FC-3), titanite from 
Mt Dromedary, and an in-house titanite (100606) with an ID-TIMS age published in Best (2012).  All 
secondary reference titanite are well within uncertainty of their published ID-TIMS ages and the full 
data set is in the Electronic Supplement.  
For both perovskite and titanite, calibration of the 207Pb/206Pb ratio was calculated using the 
NIST610 glass analysed throughout the sessions and corrected using the values recommended by Baker 
et al. (2004). Calibration of trace elements analysed along with the U-Pb isotopic data was done using 
the NIST610 glass as the calibration material using values from Jochum et al. (2011) and using 49Ti as 
the internal standard element for both perovskite and titanite and assuming stoichiometric proportions 
(350,500 ppm and 181,600 ppm respectively). This trace element data was only used for assistance in 
interpreting geochronology data and was not used in further interpretations as there are significant 
substitutions for Ti in both minerals.  
All data reduction calculations and error propagations were done within Microsoft Excel® via 
macros designed at the University of Tasmania, and using techniques summarised by Halpin et al. 
(2014) and Thompson et al. (2018). Interrogation of time-resolved signals allowed for identification of 
isotopic heterogeneity within the ablation volume. Time-resolved isotopic ratios for each analysis were 
scrutinised on U-Pb concordia diagrams to investigate the presence of common Pb and/or ancient Pb-
loss and/or mixing of age zones; analyses (or parts of analyses) were excluded from the dataset where 
any of these trends was detected, utilising a similar approach to that of Petrus and Kamber (2012) . 
Uncertainties were calculated using similar techniques to those outlined by Halpin et al. (2014) and 
Horstwood et al. (2016). Tera-Wasserburg diagrams and age calculations were made using Isoplot v4.15 
(Ludwig, 2012).  
 
Trace element analyses 
Major and trace element analyses of perovskite and titanite were performed on an Agilent 7900 
quadropole ICPMS, coupled to a Resolution S155 laser ablation system with a Coherent COMPex Pro 
110 ArF Excimer laser operating at 193nm wavelength and ~20ns pulse width. Each analysis was pre-
ablated with 5 laser pulses to remove any surface contamination. Blank gas was analysed for 8 s 
followed by 25 s of perovskite ablation with operating conditions of 5 Hz and ~2 J/cm2 using a spot 
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size of 29 µm. Helium carrier gas flowing at 0.35 l/min carried particles ablated by the laser out of the 
sample chamber to be mixed with Ar gas before transfer to the plasma. The elements measured had 
typical detection limits that ranged from <1000 ppm for Si, <100 ppm for Ca and Ti, <50 ppm for Na, 
K, Fe, Ce, <5 ppm for Al, Mn, Sr, Nb, La, Nd, Sm and Th and <1ppm for Li, Mg, Sc, V, Ga, Rb, Zr, 
Ba, Pr, HREE, Hf, Ta, Pb and U.  
Samples were analysed in runs of 12 bracketed by two spots of the primary standard at the start 
and end of each run. Additionally, one analysis of the BCR-2g and GSD-1g standards were included in 
each run as a secondary standard to monitor the accuracy of the measurements using the preferred values 
from the GeoReM website. Element abundances were calculated using the NIST610 glass as the 
primary calibration material using values from Jochum et al. (2011) and using 43Ca as the internal 
standard element for perovskite and 49Ti for titanite, with both minerals normalized to a 100% and 99% 
total for each mineral respectively. All data reduction calculations and error propagations were done 
within Microsoft Excel® via macros designed at the University of Tasmania, and using techniques 
summarised by Longerich et al. (1996). 
 
Appendix 3.2 LAICPMS trace element perovskite data – see digital appendix 
 
Appendix 3.3 U-Pb Chronology data – see digital appendix 
 






POLYMINERALIC INCLUSIONS IN OXIDE MINERALS OF THE 
AFRIKANDA ALKALINE-ULTRAMAFIC COMPLEX: 
IMPLICATIONS FOR THE EVOLUTION OF PEROVSKITE 
MINERALISATION 
 
Submitted to Contributions to Mineralogy and Petrology 
 
4.0. Abstract  
The exceptional accumulation of perovskite in the alkaline-ultramafic Afrikanda complex (Kola 
Peninsula, Russia) led to the study of polymineralic inclusions hosted in perovskite and magnetite to 
understand the development of the perovskite-rich zones in the olivinites, clinopyroxenites and 
silicocarbonatites. The abundance of inclusions varies across the three perovskite textures, with 
numerous inclusions hosted in the fine-grained equigranular perovskite, fewer inclusions in the coarse-
grained interlocked perovskite and rare inclusions in the massive perovskite. The inclusions are 
composed of a variety of silicate, carbonate, sulphide, phosphate and oxide phases. The bulk 
compositions of neighbouring inclusions are not comparable, signifying a heterogeneously trapped 
media. In the fine-grained euhedral perovskite, polymineralic inclusions were heated to 1000°C and did 
not homogenise, indicating the presence of minerals and melt/fluid at the time of trapping. These 
observations reveal the inclusions are not bona fide melt inclusions. We propose that the inclusions 
represent material trapped during subsolidus sintering of magmatic perovskite. The continuation of the 
sintering process resulted in the coarsening of inclusion-rich subhedral perovskite into inclusion-poor 
anhedral and massive perovskite. These findings advocate the importance of inclusion studies for 
interpreting the origin of oxide minerals and their associated economic deposits and suggest that the 
formation of large scale accumulations of minerals in other oxide deposits may be a result of annealing 




Oxide deposits are important sources of economically significant elements, like Cr, Fe, V, Ti 
and platinum group metals, and can be formed through a range of magmatic, metamorphic and 
sedimentary processes (Borrok et al. 1998; Force 1991; Hou et al. 2017; Irvine 1977; Latypov et al. 
2017). For decades, oxide minerals, such as chromite and magnetite, have been the focus of numerous 
academic studies, yet Deposits of other oxide minerals, such as perovskite (ideally, CaTiO3), have 
received little attention from the research community due to their rarity in nature. Perovskite is a 
common accessory mineral in a variety of alkaline and ultramafic rocks, including carbonatites and 
kimberlites (Campbell et al. 1997; Chakhmouradian and Mitchell 1997; Nielsen 1980) and in rarer 
cases, can be a major mineral in rocks such as bebedourites, dunites and melilitolites (Barbosa et al. 
2012; Dawson and Hawthorn 1973; Nielsen et al. 1997). Only a few undersaturated alkaline complexes 
contain potentially economic quantities of perovskite, and only Powderhorn in Colorado, USA 
(Armbrustmacher 1981), Tapira in southeastern Brazil (Brod 1999), and Afrikanda in northwestern 
Russia (Afanasyev 2011), have been the focus of several published studies.  
Melt and fluid inclusions are important tools used to decipher the origin and evolution of oxide 
mineral deposits. These small pockets of material allow genetic constraints to be placed on their host 
minerals, by enabling the parental composition to be identified and the physico-chemical conditions to 
be reconstructed. However, the opacity of many oxide minerals presents obvious challenges for 
inclusion studies by limiting our ability to discover inclusions and provide their three-dimensional 
characterisation. Nevertheless, studies of perovskite-hosted inclusions in plutonic alkaline-ultramafic 
complexes have been conducted to better understand the link between carbonatites and associated 
alkaline silicate rocks (Kogarko et al. 1991; Nielsen et al. 1997; Panina 2005; Veksler et al. 1998). In 
this work, we analysed perovskite- and magnetite-hosted inclusions in ultramafic and carbonate rocks 
from the Afrikanda complex to shed further light on their petrogenesis, and the development of this 
high-grade perovskite deposit (34.3 Mt at ~12 wt.% TiO2: Afanasyev 2011).  
The perovskite-rich segregations in the olivinites, clinopyroxenites and silicocarbonatites at the 
Afrikanda alkaline-ultramafic complex have been proposed to be magmatic (Chakhmouradian and 
Zaitsev 2004), yet a recent publication by Potter et al. (2018) identified textural features that indicated 
that the accumulation process involved post-magmatic recrystallization and textural re-equilibration. 
This idea was first put forth by Kukharenko et al. (1965), who suggested that large, crudely-shaped 
perovskite crystals at Afrikanda “formed by recrystallization of finer-grained material” (p. 331), but did 
not offer evidence in support of their interpretation. Potter et al. (2018) demonstrated that perovskite 
segregations were conceived and rendered by processes similar to those documented for several 
chromite and magnetite deposits around the world (Borisova et al. 2012; Lorand and Cottin 1987; 
McElduff and Stumpfl 1991; Yudovskaya and Kinnaird 2010). In the present paper, we build upon the 
textural study completed by Potter et al. (2018) by analysing perovskite- and magnetite-hosted 
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inclusions in representative rock types from the deposit. The mineralogical and chemical observations 
are used to determine the origin and development of the perovskite-rich segregations in the Afrikanda 
complex. Some implications for chromite and magnetite deposits are also discussed.  
 
4.2. Geological background 
The Afrikanda alkaline-ultramafic complex is one of the smallest intrusions in the Devonian 
(~380 Ma) Kola Alkaline Province (Kukharenko et al. 1965). The complex covers an area of ~11.5 km2 
and has a concentric internal structure comprising texturally and mineralogically diverse olivinites and 
clinopyroxenites, cross-cut by minor intrusions of carbonatites and feldspathoidal rocks (Fig. 4.1; 
Afanasyev 2011; Chakhmouradian and Zaitsev 2004; Downes et al. 2005; Kukharenko et al. 1965). 
These rock units do not show any evidence of deformation and preserve most of the primary structures 
and textures. Perovskite ore is confined to the central part of the complex measuring 0.77 sq. km and 
dominated by clinopyroxenites (>50 vol.%) that host blocks of olivinites and are cross-cut by 
carbonatitic and feldspathoidal rocks.  
The examined olivinite samples are inequigranular, fine- to medium-grained, and composed of 
forsterite, åkermanite, perovskite and magnetite, with accessory monticellite developed between 
åkermanite and forsterite, and calcite and wollastonite confined to veinlets. Clinopyroxenite samples 
are fine- to medium-grained, inequigranular, and primarily composed of diopside, perovskite and 
Figure 4. 1 Simplified geological map of Afrikanda in the Kola Peninsula showing the distribution of 
the silicate and alkaline rock units in the complex (modified after Afanasyev et al., 2011). 
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magnetite, with minor proportions of calcite, richterite, phlogopite, magnesiohastingsite, titanite, 
chlorite and loparite. Silicocarbonatite samples are fine- to coarse-grained, inequigranular and 
predominantly composed of calcite, diopside, perovskite, titanite and minor magnesiohastingsite and 
magnetite. All three samples came from the central part of the complex, where pilot-scale mining of 
perovskite ore occurred in the 1980s. In that area, measuring <0.05 km2, the ultramafic and carbonatitic 
rocks are intimately associated and . Most of the minerals identified in the present work were reported 
from the Afrikanda rocks in previous studies (Chakhmouradian and Zaitsev 1999, 2002, 2004; Zaitsev 
and Chakhmouradian 2002; Kukharenko et al. 1965; Potter et al. 2018). For further details on the 
petrography and mineralogy of the Afrikanda complex, we refer the reader to Kukharenko et al. (1965), 
Chakhmouradian and Zaitsev (1999, 2004) and Afanasyev (2011). 
 
4.3. Perovskite and magnetite textures 
Three types of perovskite textures were identified in the studied olivinite, clinopyroxenite and 
silicocarbonatite samples (Potter et al. 2018). These textures are based on the crystal morphology, 
inclusion abundance, composition and zonation of perovskite. Olivinites and clinopyroxenites host type 
1 (T1) perovskite, which is characterised by polygonal clusters and networks of small (50 to 550 µm) 
grains with abundant polymineralic inclusions (Figs. 4.2a-d). Types 2 (T2) and 3 (T3) are both observed 
in clinopyroxenites and silicocarbonatites. Type 2 perovskite is characterised by anhedral mosaics of 
large (0.2 to 2 mm) zoned grains that host sporadic polymineralic inclusions (Fig. 4.2e). Type 3 
perovskite is very coarse-grained (>2 mm) and almost devoid of polymineralic inclusions (Fig. 4.2f).  
Magnetite grains in the three rock types are euhedral to anhedral and range from 0.3 to 1.3 mm; 
rare grains are up to 10 mm; however, the textures and compositions vary significantly. In the olivinites, 
magnetite is texturally and compositionally homogeneous, whereas that in the clinopyroxenites and 
silicocarbonatites is heterogeneous with respect to the Ti, Mg and Al contents, and hosts lamellae of 
Mg-rich ilmenite and trellis-like and irregular patches of Fe-rich spinel (<25 µm), Mn- and Mg-rich 
ilmenite (<50 µm) and irregular grains of Zn-rich spinel (<20 µm). Magnetite-hosted inclusions were 
observed only in the silicocarbonatites. Only a few isolated inclusions were identified in other minerals, 
such as åkermanite, in the three rock types. For additional descriptions of the textures and compositions 




perovskite and magnetite grains were mounted in epoxy and dry-polished with 800 µm grit 
paper to 1 µm oil-based diamond paste and cleaned with shellite (petroleum-based solvent). All grinding 
and polishing was carried out using kerosene as a lubricant to avoid damage to water-soluble phases 
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that could be present in the inclusions. Coarse-grained polishing paper was also avoided as the contrast 
in hardness between silicates, oxides and carbonates could result in the plucking of softer carbonates 
from the inclusions.  
All instruments used for the examination of perovskite- and magnetite-hosted inclusions are 
located at the University of Tasmania, Australia. Samples were analysed with a Hitachi SU-70 field-











Figure 4. 2 Representative images of perovskite textures in backscattered electrons (a, e, f) and 
transmitted light (b-d) that show variations in inclusion abundance. Abundant multiphase inclusions in T1 
perovskite from (a) olivinites and (b, c, d) clinopyroxenite; (e) less frequent multiphase inclusions in T2 
perovskite from clinopyroxenite; (f) scarce multiphase inclusions in T3 perovskite from silicocarbonatite. 
Abbreviations: forsterite (Ol) and serpentine (Srp). 
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X-ray spectrometer. High-resolution backscattered electron (BSE) images and energy-dispersive X-ray 
spectrometry (EDS) were used for element mapping and semi-quantitative analysis of inclusions and 
minerals.  
Raman spectroscopy was applied to confirm the size, shape and composition of inclusions in 
T1 perovskite from a clinopyroxenite sample. Two perovskite-hosted inclusions were mapped with a 
Renishaw inVia Raman microscope equipped with a 532-nm laser operating at 225 µW. Individual 
spectra were acquired with 1s exposure and 10 accumulations, using a ´50 microscope objective and 
1800 lines/mm diffraction grating to provide a spectral resolution of 1.75 cm-1. 
4.4.1. Composition of perovskite-hosted inclusions 
Three methods were applied to measure the bulk composition of selected inclusions (>10 µm in size), 
with neighbouring inclusions analysed within the same zones of perovskite grains.  
For method 1, EDS maps were collected from exposed inclusions to determine their overall 
bulk composition by combining analytical data from all mapped pixels in the inclusion. The outlines of 
the mapped areas were set to >1 µm from the boundary of the host mineral to minimise contributions 
to the analysis from electron excitation of the host mineral. The data were acquired with a focused beam 
at an accelerating voltage of 15 kV and a beam current of ~3 nA. The counting time was minimised to 
limit any compositional changes and volatile loss due to beam-induced damage. Inclusions with holes 
were avoided as much as possible in these analyses.  
For method 2, the bulk composition of discrete inclusions was calculated using the 
compositions of their constituent minerals determined by EDS using the same operating conditions as 
above. To estimate relative contributions of each mineral, their area was measured in proportion to the 
area of the entire inclusion; it was assumed that these proportions are representative of the three-
dimensional relations among the constituent minerals (Bussweiler et al. 2016; Hoshide and Obata 
2012). Short counting times (10 seconds live time) and a scanned beam were employed to prevent 
excessive beam damage to carbonates and other easily volatilized phases. However, minor Na 
volatilization occurred during the analysis of Na-rich carbonates. Additionally, some inclusion-hosted 
minerals (e.g., åkermanite) are compositionally zoned, and thus minor discrepancies arise depending 
on the choice of EDS data for the calculation of bulk compositions in those cases. To minimize these 
uncertainties, the average composition of zoned minerals was used.  
Both methods provide semi-quantitative results as the surface expression of individual 
inclusions is likely not representative of its three-dimensional anatomy, and the accuracy of analysis is 
limited by simultaneous electron excitation of multiple intimately intergrown phases, secondary X-ray 
fluorescence, and the use of bulk matrix-correction methods for heterogeneous mineral assemblages. 
Numerous inclusions were analysed by both methods to identify general trends in the dataset and the 
average bulk composition of inclusions in each rock type. To test the consistency of these results, both 
methods were employed for the same inclusions. Some inclusions gave dissimilar concentrations for 
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several elements, probably owing to errors in determining the relative contribution of each phase to the 
bulk composition in method 2. Therefore, method 1 was chosen as the primary approach to quantifying 
the bulk composition of inclusions in the present work.  
LA-ICPMS was used to quantify the composition of entire inclusions by ablating them with a 
laser beam. This method limits any potential bias associated with the analysis of partially exposed 
inclusions (Halter et al. 2004; Pettke et al. 2004). A series of spot analyses were conducted on 10 
inclusions located under the polished surface of perovskite. To ensure that the inclusions were ablated 
completely, the majority of analyses were done with a 29 µm laser beam, however some smaller 
inclusions (<15 µm) were ablated with a smaller spot size of 19 µm. Because the ablated volume must 
be larger than the inclusion, some of the host perovskite was included in the analysis. The known 
composition of the surrounding perovskite and the general absence of titanium in the inclusion 
compositions enabled the subtraction of the perovskite from the LA-ICPMS data. The resultant data are 
not quantified to obtain absolute abundances due to the absence of internal standards and therefore the 
data have been used for identifying trends in the element ratios of analysed inclusions.  
4.4.2. Heating experiments 
The mechanical and chemical stability of perovskite permits its rapid heating and cooling and 
prevents inclusions from decrepitating (Nielsen et al. 1997). These authors conducted their experiments 
at 1050-1100oC and noted overheating, excessive reaction between the perovskite host and inclusions 
and incomplete melting, indicated by residual solid phases in the solidified melt. To reduce the risk of 
overheating, a maximum temperature of 1000oC was chosen to observe the sequence of heat-induced 
phase transformations in inclusions. The relative opaqueness of the Afrikanda perovskite obstructed the 
visual control of phase transformations during heating. Consequently, bulk heating experiments were 
conducted in a custom-made vertical furnace without visual control. For this, a sample of 
clinopyroxenite was crushed to liberate perovskite grains with abundant inclusions. Grains ranging 
between 0.3 and 0.5 mm across were then wrapped in 0.5 mm thick platinum foil with a piece of 
graphite. Three different batches of perovskite grains were heated to 800 °C, 900 °C and 1000 °C, 
respectively, at 1 atmosphere for 10 minutes, then quenched in water. The grains were then mounted 
and polished using the technique described above. 
 
4.5. Results 
4.5.1. Perovskite-hosted polymineralic inclusions  
Polymineralic inclusions are abundant in the cores of T1 perovskite from the olivinites and 
clinopyroxenites. In BSE images, some perovskite grains are crowded with inclusions, whereas other 
grains appear to lack them altogether (Fig. 4.2a). However, examination of these samples in a 130 µm-
thick section in transmitted light shows that every grain contains tens to hundreds of inclusions (Figs. 
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4.2b, c). Our EDS data show that neighbouring inclusions rarely contain the same assemblage of 
minerals. Obviously, the orientation of an exposed polymineralic inclusion with respect to sample 
surface will affect the apparent abundance of its constituents, particularly when it comes to less-
common minerals (Figs. 4.3b-e). 
The inclusions vary from <5 µm to 100 µm in size. Small inclusions (<30 µm) are mostly 
globular, with more elongate and irregular shapes prevalent in larger inclusions. All inclusions are 
crystalline and contain anhydrous and hydrous silicate, carbonate, oxide, sulphide and phosphate 
minerals (Table 4.1). They also contain voids (up to 20% of the exposed surface) that may have 
contained soluble phases, fluids or gases lost at the sample-preparation stage. 
4.5.1.1. Inclusions in olivinites 
Inclusions in perovskite from the olivinite samples vary from <5 to 30 µm in diameter. Most 
inclusions are globular; however, large inclusions are elongate and irregular in shape. They contain 
three to ten minerals (Fig. 4.4), most common of which are (listed in order of decreasing abundance): 
phlogopite, pectolite, magnetite, åkermanite, nyerereite and cuspidine (Table 4.1, Fig. 4.4). Notably, 
cuspidine and rasvumite have not been previously reported from Afrikanda. 
 4.5.1.2. Inclusions in clinopyroxenites 
Inclusions in large euhedral perovskite crystals from the silicocarbonatites are characteristically 
larger than those in the ultramafic rocks, and range from 10 to 100 µm in diameter. In addition, they are 
more elongate and irregular in shape than those from the olivinites or clinopyroxenites (Fig. 4.6). The 
inclusions commonly have two to three, but locally up to six, minerals exposed at the surface. The most 
Anhydrous silicates Olvt Cpxt Sct Hydrous silicates Olvt Cpxt Sct
Aegirine-augite (Ca,Na)(Mg,Fe)Si2O6 3 2 0 Clinochlore Mg5Al(AlSi3O10)(OH)8 3 7 4
Åkermanite (Ca2MgSi2O7) 16 5 0 Cuspidine Ca4Si2O7(F,OH)2 13 6 0
Andradite Ca3Fe3+2(SiO4)3 2 1 0 Magnesiohastingsite 
2 1 0
Cancrinite Na6Ca2(Al6Si6O24)(CO3)2 13 20 0 NaCa2(Mg4Fe3+)Si6Al2O22(OH)2
Forsterite Mg2SiO4 7 3 0 Pectolite NaCa2Si3O8(OH) 18 19 15
Gittinsite CaZrSi2O7 1 1 0 Phlogopite KMg3(AlSi3O10)(OH,F)2 26 27 16
Nepheline Na3K(AlSiO4)4 7 2 13 Sulphides
Sodalite Na8(Al6Si6O24)Cl2 12 7 5 Chalcopyrite CuFeS2 2 1 0
Titanite CaTiSiO5 2 19 19 Pyrrhotite Fe1-xS 2 3 0
Wollastonite CaSiO3 8 1 0 Rasvumite KFe2S3 3 1 0
Carbonates Phosphates
Calcite CaCO3 8 7 12 Hydroxylapatite Ca5(PO4)3(OH) 3 3 2
Burbankite (Na,Ca)3(Sr,Ba,REE)3(CO3)5 1 3 0 Fluorapatite Ca5(PO4)3F 10 9 10
Nyerereite Na2Ca(CO3)2 13 4 6 Oxides
Shortite Na2Ca2(CO3)3 12 7 14 Magnetite Fe2+Fe3+2O4 16 8 8
Table 4. 1 Mineralogy of 50 perovskite-hosted polymineralic inclusions in the olivinites (Olvt), 
clinopyroxenites (Cpxt) and silicocarbonatites (Sct), listed alphabetically. The numbers indicate how 
many of the 50 inclusions host each mineral. 
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abundant phases are titanite, phlogopite, pectolite and shortite (Table 4.1, Fig. 4.6). No sulphides are 
observed in these inclusions. Some inclusions appear to be composed of calcite or titanite only; these 











b Depth: -1 µm
e Depth: -10 µm
c Depth: -4 µm
3 µm
Figure 4. 3 Polymineralic inclusions in T1 perovskite from clinopyroxenite. (a) 3D Raman model; 
black rim indicates the size and location of inclusions. (b-e) Raman depth slices in the Z direction. Red 
shading is the host perovskite crystal, yellow – sodalite, pink – shortite, red – calcite, white – 




4.5.1.3. Inclusions in silicocarbonatites 
Inclusions in large euhedral perovskite crystals from the silicocarbonatites are characteristically 
larger than those in the ultramafic rocks, and range from 10 to 100 µm in diameter. In addition, they are 
more elongate and irregular in shape than those from the olivinites or clinopyroxenites (Fig. 4.6). The 


























































Figure 4. 4 Perovskite-hosted polymineralic inclusions in olivinites a-d BSE images e EDS elemental map 
showing the texture and mineralogy. Abbreviations: åkermanite (Ak), andradite (Adr), apatite (Ap), 
cancrinite (Ccn), celestine (Clt), cuspidine (Csp), Mg-rich ilmenite (Ilm), magnetite (Mag), nepheline 
(Nph), nyerereite (Ny), pectolite (Pct), phlogopite (Phl), rasvumite (Rv), shortite (Sh), sodalite (Sdl), titanite 
(Ttn), wollastonite (Wo). 
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abundant phases are titanite, phlogopite, pectolite and shortite (Table 4.1, Fig. 4.6). No sulphides are 























































Figure 4. 5 Perovskite-hosted polymineralic inclusions in clinopyroxenites a-d BSE images e EDS elemental 
map showing the texture and mineralogy. Abbreviations: apatite (Ap), burbankite (Bb), calcite (Cal), 
cuspidine (Csp), lead-oxide (PbO), magnesiohastingsite (Mhs), magnesiohastingsite (Mhs), magnetite (Mag), 
nyerereite (Ny), pectolite (Pct), phlogopite (Phl), pyrrhotite (Po), shortite (Sh), sodalite (Sdl). 
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may be either polymineralic inclusions with only one mineral exposed at the surface, or truly 
monomineralic.  
4.5.1.4. Mineral abundances and composition 
A 3D model of two inclusions from the clinopyroxenite sample described above was created 
using Raman depth-profiling (Fig. 4.3a). The high refractive index, opacity of perovskite and limited 
Raman response prevented the identification of at least one mineral inside the largest inclusion. This 
phase produced no detectable Raman signature under the chosen measurement conditions, except for a 
significant reduction in the intensity of perovskite signal, and therefore could not be identified. Phase 
information is available only to a depth of ~10 µm, and the signal is lost for most minerals at ~8 µm 
(Fig. 4.3e).  
The abundance of individual minerals varies appreciably with depth (Figs. 4.3b-e), and can be 
either over- or underestimated when a cross-section is analysed in polished samples. To improve the 
reliability of these data, the minerals in over 400 inclusions were analysed (200 in olivinites, 150 in 






























Figure 4. 6 BSE images of selected perovskite-hosted polymineralic inclusions in the silicocarbonatites. 
Abbreviations: aegirine-augite (Aeg), cancrinite (Ccn), fluorapatite (FAp), magnetite (Mag), nepheline 
(Nph), nyerereite (Ny), pectolite (Pct), phlogopite (Phl), shortite (Sh), sodalite (Sdl), titanite (Ttn). 
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using method 1 (Fig. 4.7a) for 184 inclusions (76 in olivinites, 74 in clinopyroxenites and 34 in 
silicocarbonatites).  
Table 4.1 presents a list of the minerals observed in the analysed inclusions, along with the 
frequency each mineral is observed in 50 representative inclusions from each of the rock types. Minerals 
that were only observed once or twice (e.g., celestine shown in Fig. 4.4a), were left out of Table 4.1. 
Phlogopite is the only mineral that consistently shows a euhedral habit. Clinopyroxene, wollastonite, 
apatite and magnetite are euhedral in some inclusions, but more typically anhedral. All other minerals 
form irregular, anhedral grains. Compositions of the major constituent minerals are shown in Figure 
























Figure 4. 7 Ternary diagrams showing compositional variations of perovskite-hosted polymineralic inclusions 
in olivinites, clinopyroxenites and silicocarbonatites, measured in weight percent (wt.%). (a) Bulk 
compositions of inclusions in the three rock types; (b) average mineral compositions, average bulk 
compositions and compositional fields for inclusions in each of the rock types. 
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Hydrous silicates are the most abundant minerals in the inclusions from all three rock types. 
The abundance of phlogopite, magnesiohastingsite and chlorite is similar in the samples from all three 
rock types (Table 4.1). Cuspidine and cancrinite are common in perovskite from the olivinites and 
clinopyroxenites, but were not observed in the silicocarbonatites. Phlogopite is the most abundant 
mineral and has variable composition (notably, its Mg# ranges from 35 to 100, and Na2O may reach 6 
wt.%). Chlorite is also variable in composition in the three rock types, but is identified as clinochlore 
(i.e., the Mg-dominant end-member) with Mg# ranging from 40 to 92 in all studied inclusions. 
Anhydrous silicate minerals are most abundant in perovskite-hosted inclusions from the 
olivinites and decrease in abundance in the clinopyroxenites and silicocarbonatites. Among these 
minerals, the most abundant are clinopyroxene and cancrinite in the olivinites, titanite and cancrinite in 
the clinopyroxenites (observed in both T2 and T3 perovskite), and titanite and nepheline in the 
silicocarbonatites. Forsterite (Mg# = 56-88) is present in inclusions from the olivinites and 
clinopyroxenites. Nepheline is relatively common in perovskite from the silicocarbonatite, but not the 
other two rock types, and has a relatively constant composition (8 wt.% K2O, 30 wt.% Al2O3, £2 wt.% 
FeO).  
The abundance of carbonate minerals is similar in the olivinites and silicocarbonatites, and 
decreases in the clinopyroxenites. Nyerereite and shortite are the most abundant in perovskite from the 
olivinites. shortite and calcite occur with similar frequency in perovskite-hosted inclusions from the 
clinopyroxenites and silicocarbonatites. Calcite contains up to 2 wt.% Sr and shortite may have elevated 
K2O contents (up to 5 wt.%), which explains some of the deviation away from the ideal composition in 
Figure 4.7a (the remainder is probably due to Na loss during EDS analysis).  
The abundance of apatite is similar in inclusions from all three rock types. Both fluorapatite 
and hydroxylapatite were observed and fluorapatite contains up to 5 wt.% F and 2 wt.% Sr. Magnetite 
is the only prevalent oxide mineral present in the examined inclusions, with loparite 
[(Na,Ce,Ca)(Ti,Nb)O3] observed in several of inclusions in the clinopyroxenites. Magnetite contains up 
to 2 wt.% MnO and differs significantly from the rock-forming magnetite in the three rock types, which 
invariably contains TiO2, MgO and Al2O3 (from <2 to 13 wt.%).  
4.5.1.5. Inclusions after heating 
Heating of perovskite samples from clinopyroxenite to 800, 900 and 1000 °C shows that the 
polymineralic inclusions do not homogenise at these temperatures and that the mineralogy of 
neighbouring inclusions remains variable. Several factors may have contributed to the failure of the 
inclusions to homogenise: (1) different pressure and volatile regime at which inclusion entrapment 
occurred, relative to the ambient-pressure experiments in oxygen conducted in this study; (2) the 
inability of carbonate melts to quench to glass and (3) the entrapment of crystals within the inclusion 
when the inclusion initially formed. It is well-known that carbonate-silicate melt relations change 
appreciably with lithostatic pressure and P(CO2) (e.g., Brooker and Kjarsgaard 2011). The extent of 
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crustal unroofing at Afrikanda is estimated to have been as much as 8-11 km (Arzamastsev et al. 2000), 
i.e. it is feasible that perovskite crystallized at P = 2-3 kbar and encapsulated homogeneous material 
that does not form a single phase at ambient pressure. For a detailed study, we chose over 20 inclusions 
that remained uncompromised during the heating experiments at each temperature (i.e., did not fracture 
or leak). Our examination revealed the presence of bubble-free inclusions composed of a variety of 










































































Figure 4. 8 BSE images showing the results of heating experiments at (a, b) 800 °C, (c, d) 900 °C and (e, 
f) 1000 °C. Abbreviations: cancrinite (Ccn), carbonate melt (Cm), cuspidine (Csp), diopside (Di), garnet 
(Grn), magnesioferrite (Mfr), magnetite (Mag), nepheline (Nph), pectolite (Pct), phlogopite (Phl), 
pyroxene (Px), pyrrhotite (Po), shortite (Sh), silicate melt (Sm), sodalite (Sdl), wollastonite (Wo). 
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At 800 °C, the inclusions contain alkali carbonates, nyerereite and shortite, as tabular crystals 
that are separated by a silicate melt. Silicate minerals, apatite and magnetite have compositions similar 
to those in the unheated inclusions. At 900 °C (Figs. 4.8c, d), clinopyroxene, wollastonite, apatite, 
calcite and cuspidine have similar compositions to the unheated precursors. The compositions of other 
phases, like cancrinite, clinochlore, nepheline, pectolite and sodalite differ slightly between the two 
types of inclusions. Additionally, silicate and carbonate melt phases are observed. At 1000 °C (Figs. 
4.8e, f), the major constituent phases are wollastonite and clinopyroxene, along with silicate 
(nephelinitic) and carbonate melts. Other daughter minerals, including cancrinite, clinochlore, sodalite, 
schorlomite, nepheline and halite, were identified and found to have variable compositions. 
Shortite and nyerereite were identified in the inclusions heated to 800 °C, but at higher 
temperatures, these phases disappear to yield a new carbonate phase. At 1000 °C, the latter is composed 
of 27 wt.% CaO, 19 wt.% Na2O, 6 wt.% K2O, 4 wt.% SiO2, 1 wt.% F and up to 2 wt.% SO3 and P2O5. 
The composition of the silicate melt becomes progressively potassic with temperature, as the Na2O, 
CaO and Cl contents decrease (from 20 to 14, 7 to 3 and 0.5 to below detection, respectively), and the 
K2O, FeO and MgO contents increase (from 1 to 8, 0 to 4 and 0.3 to 1 wt.%, respectively). Aluminium 
and Si values are consistent and show relatively little variation with temperature (14-16 and 12-20 wt.%, 
respectively).  
Minerals such as halite, magnesioferrite and Ti-rich andradite are observed in the heated 
inclusions, but not in the unheated inclusions. Heated inclusions commonly host two magnetite or 
apatite crystals, rather than a single crystal, as observed in the unheated material (Fig. 4.8b). Garnet, 
formed at 900 °C and 1000 °C, has high TiO2 contents (up to 9 wt.%) and is commonly adjacent to 
magnetite (Figs. 4.8d, e). Magnetite is the dominant oxide mineral at 800 °C, whereas magnesioferrite 
becomes more abundant at 900 °C and 1000 °C. In addition to high MgO (up to 20 wt.%), this mineral 
is enriched in Mn and, locally, CuO (up to 4 wt.% for both). aegirine-augite and wollastonite are more 
common in the heated inclusions than in the unheated samples (Table 4.1).  
4.5.1.6. Bulk compositions 
The bulk compositions of inclusions in each rock type are presented in Figure 4.7. The observed 
scatter clearly arises from variations in the abundance and composition of individual constituent 
minerals (Table 4.1; Fig. 4.7a). Average bulk compositions of inclusions exposed at the surface from 
each rock type have been calculated and are highlighted in Figure 4.7b. These compositions are 
comparable to one another for several elements, despite the observed mineralogical variations (Table 
4.1; 8-9 wt.% Na2O, 6-7 wt.% FeO, 6-8 wt.% Al2O3 and 1-2 wt.% K2O). Inclusions in the olivinites 
have the highest CaO (24 wt.%) and lowest K2O (2 wt.%) contents, whereas those in the 
clinopyroxenites have the highest MgO and SiO2 (7 and 32 wt.%, respectively) and lowest TiO2 (2 
wt.%) contents. The inclusions from the silicocarbonatites are characterized by the highest K2O and 
TiO2 (2 and 8 wt.%, respectively) and the lowest levels of MgO and SiO2 (3 and 28 wt.%, respectively). 
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The complete dataset shows an overall trend of decreasing K, Al, Mg and Fe with increasing Ca content 
from the olivinites to the clinopyroxenites to the silicocarbonatites. Inclusions in the olivinites and 
clinopyroxenites show an increase in Na as Si decreases, and those in the clinopyroxenites also show a 
negative correlation between Na and K.  
4.5.2. Magnetite-hosted polymineralic inclusions 
Magnetite-hosted polymineralic inclusions are observed only in the silicocarbonatites. They are 
uncommon, randomly distributed throughout the grains, and are similar in abundance to the perovskite-
hosted inclusions in the silicocarbonatites. Their morphology is controlled by the isometric symmetry 
of the host crystal (i.e., polygonal), although some have a globular appearance (Fig. 4.9). The inclusions 
range from 10 to 80 µm in size and are composed of 2 to 6 minerals each, including hydrous and 
anhydrous silicates, carbonates, oxides, sulphides, halides and sulphates (Fig. 4.9). Some of the minerals 





























Figure 4. 9 BSE images of selected magnetite-hosted polymineralic inclusions in the silicocarbonatites. 
Abbreviations: barite (Brt), chalcopyrite (Ccp), chlorite (Chl), ilmenite (Ilm), magnetite (Mag), 
neighborite (Nb), nyerereite (Ny), sodalite (Sdl), spinel (Spl) and titanite (Ttn).  
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4.6. Discussion 
4.6.1. General comments 
The examination of perovskite from the olivinites, clinopyroxenites and silicocarbonatites, and 
magnetite from the latter rock type, revealed the presence of peculiar polymineralic inclusions that 
differ in abundance and composition. Here, we focus on determining the origin of these inclusions to 
better understand the development of perovskite accumulations at Afrikanda and their relevance to 
similar monomineralic units in other oxide (e.g., chromite and magnetite) deposits around the world.  
Polymineralic silicate inclusions are a notable feature in perovskite in ultramafic alkaline 
complexes (Kogarko et al. 1991; Nielsen et al. 1997; Panina 2005; Veksler et al. 1998), chromite in 
layered intrusions (Christiansen 1985; Spandler et al. 2005; Vukmanovic et al. 2013), anorthosite and 
ophiolite complexes (Ghisler 1976; Lorand and Ceuleneer 1989; Melcher et al. 1997; Prichard et al. 
2018), and magnetite in carbonatite complexes (Afanasyev 2011; Chen et al. 2013; Kukharenko et al. 
1965). In many of these settings, the oxide minerals are commonly identified as a cumulate magmatic 
phase, and the inclusions are interpreted as primary melt inclusions and consequently used to resolve 
the composition of their parental melts (Lorand and Ceuleneer 1989; Prichard et al. 2018; Rollinson et 
al. 2018; Spandler et al. 2005). At Afrikanda, the polymineralic inclusions in perovskite across all three 
rock types, and inclusions in magnetite in the silicocarbonatites, are identified as primary based on their 
randomly clustered distribution and the absence of secondary features (e.g., healed fractures: Figs. 4.2a-
d). Therefore, we must determine whether these inclusions are primary melt inclusions or the 
consequence of post-magmatic re-equilibration that was proposed by Potter et al. (2018).  
Oxides                                Silicates                        
FreudenbergiteNa2Fe3+2Ti6O16 3 Na-amphibole 3
Ilmenite FeTiO3 7 Phlogopite KMg3(AlSi3O10)(F,OH)2 4
Magnetite Fe2+Fe3+2O4 2 Clinochlore Mg5Al(AlSi3)O10(OH)8 3
Spinel MgAl2O4 13 Sodalite Na8(Al6Si6O24)Cl2 2
Zirconolite (Ca,REE)Zr(Ti,Nb,Fe)2O7 1 Sulphates
Carbonates Barite BaSO4 1
Calcite CaCO3 2 K-Fe-sulphate 1
Quinitinite Mg4Al2(OH)12CO3*4(H2O) 1 Sulfides
Na-Fe-carbonate 2 Chalcopyrite CuFeS2 1
Northupite Na3Mg(CO3)2Cl 1 Sphalerite (Zn,Fe)S 1
Nyerereite Na2Ca(CO3)2 2 Fluorides
Shortite Na2Ca2(CO3)3 1 Neighborite NaMgF3 1
Table 4. 2 Mineralogy of 20 magnetite-hosted polymineralic inclusions in the silicocarbonatites, 
listed alphabetically. The numbers indicate how many of the 20 inclusions host each mineral. 
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Melt inclusions are defined as small droplets of melt trapped in a mineral during its growth and 
subsequently re-equilibrated with the host, i.e. their bulk chemical composition can be used as a proxy 
for that of the parental melt (Kamenetsky and Kamenetsky 2010; Danyushevsky et al. 2002; Roedder 
1984; Sobolev 1996; Sobolev and Kostyuk 1975). Therefore, true melt inclusions must meet specific 
petrological and mineralogical criteria. Firstly, the inclusion must be composed of a combination of 
entrapped melt (i.e., glass or devitrified glass in silicate systems and quench-textured carbonate 
aggregates in carbonatites) and products of its crystallisation and degassing, such as daughter crystals. 
Secondly, at specific temperatures and pressures, the inclusion contents can be homogenised to yield a 
single phase through the melting of every daughter phase and dissolution of a gas or fluid (Frezzotti 
2001). Thirdly, melt inclusions in the same zone of the host mineral are expected to have the same 
composition. Lastly, melt inclusion compositions should correlate with the composition of their host 
mineral, thus reflecting melt-crystal equilibrium. The perovskite- and magnetite-hosted polymineralic 
inclusions studied in the present work do not meet these criteria, which raises questions about their 
validity as true melt inclusions. Below, we discuss the observed compositional and mineralogical 
features and attempt to decipher the origin of the polymineralic inclusions in the perovskite.  
4.6.2. Composition of polymineralic inclusions 
The polymineralic inclusions are composed of a variety of phases, including silicates, 
carbonates, sulphides, phosphates and oxides (Fig. 4.10; Table 4.1). phases that are common in bona 
fide silicate melt inclusions, such as silicate glass, were not recorded in the present work. The dominant 
constituent minerals and the frequency of their occurrence can provide an insight into the composition 
of the surrounding media during their entrapment. Phlogopite is the most common constituent in the 
inclusions, closely followed by pectolite and one of the carbonate phases. The decreasing abundance of 
Figure 4. 10 Summary of main mineral phases observed in the perovskite and magnetite inclusions 
hosted in the three rock types. 
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silicates and increasing abundance of carbonates in the perovskite-hosted inclusions in olivinites and 
clinopyroxenites compared to the silicocarbonatites supports the transition from silicate- to carbonate-
dominated compositions. 
Perovskite-hosted inclusions in the olivinites in contrast to the clinopyroxenites and 
silicocarbonatites have a higher abundance of the Na-rich carbonate (nyerereite) than Ca-rich 
carbonates (calcite and shortite), whereas calcite and shortite are more abundant than nyerereite in the 
clinopyroxenites and silicocarbonatites (Fig. 4.10, Table 4.1). This chemical trend represents the 
transition from Na-rich to Ca-rich compositions.  
Across the three rock types, several rare minerals and unusual mineral assemblages were identified 
in the inclusions. First, hydrous silicates like clinochlore and pectolite, whose stability is limited to 
~800oC are not expected to occur in unaltered melt inclusions (McOnie et al. 1975; Yagi et al. 1968). 
Titanite at Afrikanda is an abundant hydrothermal phase (Chakhmouradian 2004; Chakhmouradian and 
Zaitsev 2004), but has not been observed in any of the primary parageneses. Minerals, such as rasvumite 
and gittinsite, have not been previously documented as liquidus minerals in any magmatic environment. 
Other minerals, such as wollastonite and cancrinite, occur in both magmatic and metasomatic 
environments, but are overall more common in the latter (e.g., Dawson 1998; Martins et al. 2017; Pekov 
et al. 2011; Veksler et al. 1998). At Afrikanda, both these minerals are abundant inclusion constituents 
in the olivinites and clinopyroxenites (Figs. 4.4, 4.5, 4.6). Many of the other minerals listed in Table 
4.1 (e.g., åkermanite, andradite, cuspidine, forsterite, magnesiohastingsite, titanite, magnetite and 
apatite) are not restricted to magmatic environments and are common in contact-metamorphic rocks as 
well (Aleksandrov and Troneva 2007; Beard and Drake 2007; Currie et al. 1992; Meinert 1992). Thus, 
the investigated inclusions appear to contain minerals that can be regarded as typically magmatic (e.g., 
nyerereite) with those that are not paragenetically constrained or are expected to occur in metamorphic 
or hydrothermal environments (e.g., chlorite and pectolite). Because the inclusions are encapsulated 
and protected by the host crystal, their post-entrapment transformation should have been independent 
of the physico-chemical changes affecting the host (Ferrero and Angel 2018). This “paragenetic 
isolation” can favour the formation and preservation of phases that differ from those in the surrounding 
rock. However, it does not explain how unquestionably hydrothermal phases, like chlorite and pectolite, 
could develop in a supposedly isolated micro-environment. 
The majority of minerals identified in the present work have been previously reported from the 
Afrikanda rocks (Chakhmouradian and Zaitsev 1999, 2002, 2004; Zaitsev and Chakhmouradian 2002; 
Kukharenko et al. 1965). Some of these minerals (forsterite, åkermanite, nepheline, 
magnesiohastingsite, calcite, magnetite) are the principal primary phases in the igneous rocks, whereas 
the others are either characteristic products of their alteration (cancrinite, sodalite, wollastonite, 
pectolite, titanite, gittinsite and clinochlore), or have been reported exclusively in primary inclusions 
from the silicocarbonatites (Na-rich carbonates) (Chakhmouradian and Zaitsev 2004). Phlogopite is 
particularly common in the contact zone between the ultramafic and carbonatitic rocks and cross-cutting 
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alkaline-silicate veins, comprising predominantly altered nepheline, diopside and magnetite. Phlogopite 
appears to have formed metasomatically at the expense of primary ferromagnesian silicates and was 
subsequently replaced by clinochlore. Notably, however, previous workers identified minerals that are 
not particularly uncommon or exotic, which were not found in any of the inclusions; most notable 
examples include baddeleyite, calzirtite, zircon (primary constituents in the silicocarbonatites: 
Chakhmouradian and Zaitsev 1999, 2002), loparite and hydrogarnets (common late-stage phases across 
the different rock types (Kukharenko et al. 1965; Chakhmouradian et al. 2008; Potter et al. 2018). On 
the other hand, the Ca -silicate mineral cuspidine, which is common in perovskite-hosted inclusions 
from the ultramafic rocks (Table 4.1), has not been known from Afrikanda prior to this work. 
4.6.3. Bulk composition of inclusions 
Neighbouring inclusions that were analysed at the surface display significant chemical 
variability in their bulk composition (Fig. 4.7a), as can be expected from the observed mineralogical 
diversity (Table 4.1). Unexpectedly however, the average bulk compositions, calculated from their 
constituent phases (diamonds in Fig. 4.7b) are similar among the three rock types. The chemical 
variability in the bulk compositions of whole inclusions measured across perovskite grains confirms 
that neighbouring inclusions in the same perovskite grain are chemically diverse, as suggested by the 
chemical variability in the cut inclusions (Fig. 4.7a). The variability in the bulk compositions most 
likely results from the heterogeneous nature of the trapped perovskite-hosted inclusions and indicates 
they do not fit the definition of melt inclusions. 
4.6.4. Transformations in inclusions during heating  
Heating of perovskite-hosted inclusions to 800, 900 and 1000 °C failed to produce a 
homogeneous melt (Figs. 4.8e, f). Instead, we observed the preservation, melting and chemical 
alteration of the encapsulated minerals, along with the formation of new phases. These newly formed 
minerals (e.g., magnesioferrite, halite and Ti-rich andradite) and compositional changes in some of the 
minerals during heating imply chemical reactions among the precursor phases. These reactions were 
undoubtedly facilitated by the breakdown of hydrous silicates unstable above 800oC (clinochlore and 
pectolite). Some of the reacting phases melted at a certain temperature to form carbonate and silicate 
liquids. However, in a bona fide melt inclusion these daughter phases should have melted without 
changing their composition or reacting to form new phases. The presence of crystals of apatite, 
clinopyroxene and garnet at 1000°C indicates that inclusions were composed of a mixture of co-trapped 
minerals and therefore are not typical melt inclusions (Figs. 4.8e, f).  
The abundance of wollastonite is significantly higher in the heated inclusions than in their 
precursors. Reaction between Ca-silicate and carbonate phases during heating may have facilitated the 
formation of additional wollastonite (Figs. 4.8c-f), in a manner similar to wollastonite crystallization in 
skarns (Haldar 2013). Wollastonite is also common as kernels and a matrix mineral in silicate spheroids 
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in carbonatitic lava at Oldoinyo Lengai (Church and Jones 1995; Dawson et al. 1996; Potter et al. 2017) 
and could be the product of a similar reaction triggered by the interaction of silicate and carbonate melts 
in the magma chamber (Sharygin et al. 2012). 
4.6.5. Differences and similarities between perovskite- and magnetite-hosted inclusions 
Polymineralic inclusions in magnetite are only observed in the silicocarbonatites (Fig. 3.1). The 
reason for the abundance of inclusions in T1 perovskite in the olivinites and clinopyroxenites, and the 
absence of such inclusions from the magnetite and associated silicate minerals is unknown. Compared 
to the polymineralic inclusions in perovskite, the magnetite-hosted inclusions contain relatively 
abundant barite and freudenbergite, as well as less common, but identified in 10% of inclusions 
neighborite, northupite, halite, zirconolite and an unidentified K-Fe sulphate. The mineralogical 
differences between the perovskite- and magnetite-hosted inclusions (Tables 4.1, 4.2) suggests there is 
no close genetic links between the two types of inclusions. These differences further support the 
interpretation that the inclusions documented in the present study are not typical melt inclusions and 
therefore cannot be considered representative of the composition of parental melts. Even if the two 
minerals crystallised at different stages in the evolutionary history of the silicocarbonatites, as suggested 
by Chakhmouradian and Zaitsev (2004), the composition of melt inclusions in perovskite and magnetite 
would be expected to follow some coherent trend recording chemical changes in the evolving magma, 
which is not observed. 
4.6.6. Abundance and Distribution of polymineralic inclusions 
4.6.6.1 T1 perovskite 
Randomly distributed inclusions are concentrated primarily in the cores of euhedral T1 
perovskite in the olivinites and clinopyroxenites, whereas the rims are typically devoid of inclusions. 
This peculiar distribution pattern could be the result of magmatic or metamorphic processes. If the 
perovskite host represents an unmodified magmatic phase, then inclusions could have been entrapped 
during the initial stage of its crystallisation. The observed drop in inclusion abundance from core to rim 
could be due to a change in physico-chemical conditions or in perovskite growth rate (Roedder 1984). 
Slower growth rates would allow more time for local mass transfer and adjustment of grain boundaries, 
leading to fewer inclusions. Because inclusions’ density does not correlate with compositional zoning, 
we can rule out changes in the physico-chemical conditions of the system. The relative scarcity of 
polymineralic inclusions in the rim could potentially result from a drop in the perovskite growth rate. 
Alternatively, the inclusions in T1 perovskite could have developed during its postmagmatic textural 
re-equilibration, involving an increase in grain size (Potter et al. 2018). This process has previously 
been suggested as a mechanism of inclusion entrapment in chromitites (Christiansen 1986; Hulbert and 
Von Gruenewaldt 1985; Lorand and Cottin 1987). During this process, any intergranular material would 
be entrapped in recrystallizing perovskite as inclusions. 
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4.6.6.2 T2 and T3 perovskite 
The T1 perovskite in the olivinites and clinopyroxenites host abundant inclusions (Figs. 4.2a-
d), whereas T2 and T3 crystals in the clinopyroxenites and silicocarbonatites contain occasional 
inclusions that are randomly distributed throughout the grains (Figs. 4.2e, f). Similar textural features 
are observed in primary oxide minerals at several other ore deposits: e.g., the Oman ophiolite, 
Fiskenaesset in Greenland and Bushveld in South Africa (Christiansen 1985; Ghisler 1976; Rollinson 
et al. 2018; Tanner et al. 2018; Vukmanovic et al. 2013; Yudovskaya and Kinnaird 2010). In these 
deposits, oxide minerals form layers composed of chains of euhedral crystals with plenty of inclusions, 
similar to T1 perovskite, and larger anhedral and massive grains with few inclusions, i.e. analogous to 
T2 perovskite in the clinopyroxenites. The transition from inclusion-rich euhedral oxide grains to 
inclusion-poor anhedral oxide grains is believed to be associated with non-magmatic processes, such as 
recrystallization, high-temperature deformation, post-cumulus growth and contact metamorphism 
(Butcher and Merkle 1987; Christiansen 1985; 1986; Ghisler 1976). 
 Potter et al. (2018) presents evidence for the recrystallization and sintering of perovskite in the 
ultramafic rocks at Afrikanda, leading to the transformation of the early-formed euhedral T1 crystals 
into coarse-grained aggregates of T2 and T3 perovskite. The grain coarsening triggered the removal of 
inclusions as adjacent crystals adopted similar crystallographic orientations, grain boundaries moved, 
and similarly oriented grains coalesced into one larger crystal (Jones et al. 1979; Li 1962; Rios et al. 
2005). The result is an aggregate of grains with different orientations developing the external 
appearance of a single crystal (Potter et al. 2018).  
4.6.7. Origin of polymineralic inclusions 
The unusual assemblage of minerals in the polymineralic inclusions, and the observation that 
neighbouring inclusions have different modal and bulk compositions raises several questions about their 
formation. The most critical one is, how and when during the evolution of the complex did they form? 
Perovskite accumulations are rare (Armbrustmacher 1981; Brod 1999; Herz 1976), so studies on 
perovskite-hosted inclusions have been limited to accessory phases in kimberlites and various alkaline 
complexes (Campbell et al. 1997; Guzmics et al. 2012; Kogarko et al. 1995; Nielsen 1980; Panina 
2005). Magmatic processes are favoured for the formation of perovskite-hosted inclusions in alkaline-
ultramafic complexes, such as Gardiner in Greenland and Guli and Krestovsky in Siberia (Kogarko et 
al. 1991; Nielsen et al. 1997; Panina 2005; Veksler et al. 1998). Previously, inclusions hosted by 
perovskiteat Afrikanda were explained as crystallised silicate melts (Chakhmouradian and Zaitsev 
2004). This interpretation should now be tested against alternative models on the basis of the newly 
acquired petrographic and mineralogical data. 
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4.6.7.1. Do Afrikanda inclusions represent trapped melts? 
The inclusions exhibit several petrographic characteristics common to melt inclusions, such as 
negative crystal shapes imposed by the perovskite host (Figs. 4.4, 4.5, 4.6), well-developed crystals 
(Figs. 4.4e, 4.5e), random distribution of inclusions (Fig. 4.2d) and the lack of an obvious relationship 
with secondary textural features, such as fractures (Figs. 4.4, 4.5, 4.6). The ability of magmatic minerals 
to trap melt inclusions is dependent on several factors, including the growth rate of their host mineral, 
the abundance and composition of the melt surrounding the grains, and the type of chemical reactions 
occurring at the edge of the growing crystals (Roedder 1984). Primary melt inclusions in plutonic rocks 
are challenging to interpret as they do not “quench” to glass and characteristically form polymineralic 
assemblages.  
A potential explanation for the formation of magmatic T1 perovskite with a diverse assemblage 
of daughter phases in neighbouring inclusions is that the magma was highly heterogeneous in terms of 
melt, crystal and fluid abundances. Thus, the compositional variability in the surrounding media during 
perovskite growth could produce variability across a population of closely spaced inclusions (Kogarko 
et al. 1991; Nielsen et al. 1997; Panina 2005; Veksler et al. 1998). Then, once the melt was trapped, 
individual inclusions represented isolated closed systems, and their evolution followed different 
crystallisation paths, producing different mineral assemblages (e.g., Panina 2005). However, the 
following features do not support the identification of these inclusions as crystallised droplets of 





Figure 4. 11 BSE image of T2 perovskite grain and EDS elemental maps showing the complex zonation 
patterns within and between individual grains. 
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and silicate minerals, including those that compose the bulk of the host rocks, are typically devoid of 
inclusions (Potter et al. 2018). Secondly, many perovskite-hosted phases across all three rock types are 
clearly of non-magmatic origin and may require an aqueous fluid for their formation (Table 4.1). 
Thirdly, the bulk compositions of neighbouring inclusions vary significantly (Fig. 4.4a). Moreover, 
perovskite and magnetite in the silicocarbonatites contain very different inclusion assemblages (Tables 
4.1, 4.2), whereas melt inclusions in associated minerals that crystallised from the same melt would be 
expected to have similar compositions or follow a distinguishable trend. Even if the inclusions were 
derived from a heterogeneous magmatic system, the co-existing minerals should be in equilibrium.  
4.6.7.2. Can Afrikanda inclusions have a non-magmatic origin? 
As a magmatic model cannot explain most of the previously discussed key features of the 
polymineralic inclusions, we propose an alternative non-magmatic model that involves the trapping of 
polymineralic inclusions during an extended period of post-magmatic activity at subsolidus 
temperatures. To ascertain the nature of these processes, we tap into the previously published 
mineralogical studies of Afrikanda (Kukharenko et al. 1965; Chakhmouradian and Zaitsev 1999, 2004) 
and of oxide deposits elsewhere (Borisova et al. 2012; Lorand and Cottin 1987; McElduff and Stumpfl 
1991; Yudovskaya and Kinnaird 2010). Inclusions hosted within the oxide minerals in these complexes 
possess a similar texture to those hosted by perovskite and magnetite at Afrikanda. These inclusions are 
primary, polymineralic and contain various assemblages of minerals that differ from those in the matrix 
surrounding their host chromite grains. Several authors have linked the formation of these inclusions 
with postcumulus sintering or hydrothermal activity (Borisova et al. 2012; Hulbert and Von 
Gruenewaldt 1985; Lorand and Cottin 1987; McElduff and Stumpfl 1991).  
 The hydrous silicates observed in the present work are common late-stage phases in the 
ultramafic, feldspathoidal and carbonatitic rocks at Afrikanda (Kukharenko et al. 1965; 
Chakhmouradian and Zaitsev 2002, 2004; Chakhmouradian et al. 2008). Some of these minerals (e.g., 
phlogopite and magnesiohastingsite) are absent or rare in the ultramafic units, but increase in abundance 
dramatically near their contact with cross-cutting carbonatitic and feldspathoidal rocks. Other silicates 
containing volatiles are localised in areas affected by subsolidus re-equilibration with fluids. 
Clinochlore is an abundant hydrothermal mineral precipitated in fractures and developed after 
phlogopite and amphiboles; cancrinite and sodalite replace nepheline in the ijolites; pectolite was 
reported from hydrothermally altered alkaline rocks and silicocarbonatites. Cuspidine was observed in 
many perovskite-hosted inclusions in the olivinites and clinopyroxenites, but is not known to occur 
outside the inclusions. It is thus plausible that their trapping occurred after the development of chlorite 
and replacement of nepheline by volatile-bearing feldspathoids, but prior to the deposition of prehnite, 
zeolites and muscovite. This interpretation would be consistent with the crystallisation order of these 
minerals in the silicocarbonatites, where chlorite was deposited at T » 200oC, and the hydrous (Na, Ca, 
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outside the perovskite-hosted inclusions was probably replaced with secondary minerals (most likely, 
prehnite) at that final evolutionary stage. 
The model proposed here for the formation of polymineralic inclusions and development of 
perovskite aggregates at Afrikanda has been adopted from models by Hulbert and Von Gruenewaldt 
(1985) and Butcher and Merkle (1987). The model proposed by Hulbert and Von Gruenewaldt (1985) 
explains the formation of polymineralic inclusions and the densification of chromite at Bushveld, and 
suggests that the crystallisation and densification of chromite occurred in situ. Here, we propose that 
the trapping of the surrounding media and transition from T1 to T3 perovskite did not necessarily occur 
in situ, and may have involved perovskite movement during the post-magmatic accumulation and 
development of perovskite-rich zones.  
We suggest that at least some of the polymineralic inclusions in perovskite represent the 
material that surrounded precursor individual perovskite grains, including magmatic phases (e.g., 
olivine, melilite, clinopyroxene, Na-carbonates) and minerals formed during reaction of these primary 
parageneses with subsequently emplaced melts and their derivative fluids (e.g., cancrinite, pectolite and 
clinochlore). This material was trapped by perovskite grains during post-magmatic sintering at 
subsolidus temperatures, which resulted in the coarsening of disseminated T1 into massive T3 
perovskite. The textural transformation of T1 perovskite to massive T3 perovskite is outlined by Potter 
et al. (2018) so in this publication we only discuss the transitio n in relation to the inclusion morphology 
and composition.   
Initially, perovskite crystallised as disseminated euhedral crystals interspersed with silicate, 
carbonate and oxide minerals (Fig. 4.12b). At this stage, the aggregates entrained small grains of 
associated minerals and were affected by fluid activity that gave rise to a variety of secondary minerals 
juxtaposed over the primary paragenesis (clinochlore, titanite, cancrinite etc.). The random trapping of 
interstitial material explains the observed mineralogical diversity and lack of correlation among 
neighbouring inclusions. As the perovskite aggregates underwent subsolidus sintering, coalescing 
grains trapped varying amounts of interstitial fine-grained material (Hulbert and Von Gruenewaldt 
1985) as solitary inclusions that follow no crystallographic orientation with respect to their host crystal. 
The random trapping of interstitial material explains the observed mineralogical diversity and lack of 
correlation between neighbouring inclusions. It is possible that interstitial fluids were also trapped 
during this process (e.g., Johnson and Hollister 1995) and that their reaction with the solid phases in 
isolated inclusions further diversified their composition. The outer boundary of these densely-packed 
grains re-orientate to form pseudo-octahedral shapes with straight boundaries (Fig. 4.12c) and then 
clusters and chains of closely packed crystals with ~120° triple junctions (Figs. 4.2a-c, 4.12d). As 
discussed by Potter et al. (2018), the grains continued to coalesce to form larger anhedral T2 perovskite 
(Figs. 4.2e, 12e). As the adjacent crystals adopted similar crystallographic orientations and grain 
boundaries were eliminated, polymineralic inclusions were removed, and pre-existing growth zones 
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were merged into complex coalescent patterns (Figs. 4.11). The T2 perovskite eventually transformed 
into the inclusion-poor T3 variety (Figs. 4.2f, 12f).  
The development of late-stage REE-rich perovskite and loparite-(Ce) as discontinuous rims and 
overgrowths on T2 and T3 perovskite (Fig. 4.11), and of titanite veins along grain boundaries (Fig. 
4.12e) is linked to the infiltration of a REE-rich fluid (Chakhmouradian and Zaitsev 1999, 2004; Potter 
et al. 2018). The relative timing of this event is difficult to constrain at present because titanite was 
observed in the polymineralic inclusions, whereas loparite-(Ce) was not. Notably, none of the other 
REE minerals documented by Chakhmouradian and Zaitsev (1999, 2002, 2004) and Zaitsev and 
Chakhmouradian (2002) in the silicocarbonatites were observed in the present work either. This may 
indicate that these minerals precipitated after the sintering process was largely complete and in response 
to fluid infiltration from an unknown source (possibly, a new pulse of alkaline magma). The proposed 
model does not explain the formation of large (up to 5 cm across) pseudocuboctahedral perovskite 
crystals in the silicocarbonatites, which show oscillatory zoning and in fractures, host a distinct 
assemblage of minerals that were not observed in the T1, T2 or T3 perovskite (e.g., REE carbonates: 
Chakhmouradian and Zaitsev, 1999, 2002).  
Our hypothesis encompasses the development of polymineralic inclusions and the transition 
from disseminated to massive perovskite at Afrikanda, and implies that igneous rocks of this type may 
experience extensive post-magmatic re-working. The textural similarities between the examined 
perovskite and oxide layers in various igneous complexes indicates that the post-magmatic processes 
outlined above may be applicable to a wide range of natural systems, and that oxide minerals serve as 
an ideal record-keeper of their evolutionary history. 
 
4.7. Conclusion 
The abundance and composition of perovskite- and magnetite-hosted inclusions varies across 
the three textural types in the olivinites, clinopyroxenites and silicocarbonatites at the Afrikanda 
complex. The investigation into the composition and texture of the inclusions showed that they have 
unusual mineral assemblages and differing chemical compositions between and within inclusions. We 
propose that these findings indicate the inclusions are not bona fide melt inclusions and represent 
homogeneous material that was trapped during the subsolidus sintering of magmatic perovskite. Once 
trapped the inclusions behave as isolated systems so reactions between the solid and fluid phases in the 
inclusions accounts for some of the variability in the mineralogy of the polymineralic inclusions in 
perovskite. The continuation of the sintering process resulted in the coarsening of inclusion-rich 
subhedral perovskite into inclusion-poor anhedral and massive perovskite. The development of 
polymineralic inclusions and transition from disseminated perovskite to massive perovskite at 
Afrikanda demonstrates that the ultramafic and carbonatitic rocks have experienced dynamic textural 
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Appendix 4.1 Methodology 
 
EDS analysis 
Backscattered electron (BSE) imaging, energy dispersive X-ray spectrometry (EDS) were performed 
using a Hitachi SU-70 field emission scanning electron microscope (SEM). The instrument is fitted 
with a Hitachi photo-diode BSE detector and an Oxford AZTec 3 microanalysis system with XMax80 
EDS detector and HKL Nordlys Nano EBSD camera.  
 
For BSE-EDS analyses the samples were coated with around 20 nm of carbon using a Ladd 40000 
carbon evaporator and analysed at 15 kV accelerating voltage and 2-3 nm beam current. Elements were 
calibrated on well characterised natural and synthetic standard reference materials. The intensity of the 
cobalt K x-ray peak series was determined at the start of each session on pure cobalt metal as an indirect 
beam current measurement to avoid normalisation of compositional data to 100% total. 
 
Elemental analysis of perovskite-hosted inclusion 
Major and trace element analyses of inclusions hosted in perovskite were performed on an Agilent 7900 
quadropole ICPMS, coupled to a Resolution S155 laser ablation system with a Coherent COMPex Pro 
110 ArF Excimer laser operating at 193nm wavelength and ~20ns pulse width. Blank gas was analysed 
for 8 s followed by 25 s of perovskite ablation with operating conditions of 5 Hz and ~2 J/cm2 using a 
spot size of 15 or 29 µm. Helium carrier gas flowing at 0.35 l/min carried particles ablated by the laser 
out of the sample chamber and mixed with Ar gas before transfer to the plasma. The elements measured 
had typical detection limits that ranged from <1000 ppm for Si, <100 ppm for Ca and Ti, <50 ppm for 
Na, K, Fe, <5 ppm for Al, P, S, Cl, and Sr, and <1ppm for Mg, Rb and Ba. 
 
Samples were analysed in runs of 12 bracketed by two spots of the primary standard at the start and end 
of each run. Additionally, one analysis of the BCR-2g and GSD-1g standards were included in each run 
as a secondary standard to monitor the accuracy of the measurements using the preferred values from 
the GeoReM website. Element abundances were calculated using the NIST610 glass as the primary 
calibration material using values from Jochum et al. (2011) and using 43Ca as the internal standard 
element for perovskite and 49Ti for titanite, with both minerals normalized to a 100% and 99% total for 
each mineral respectively. All data reduction calculations and error propagations were done within 
Microsoft Excel® via macros designed at the University of Tasmania, and using techniques summarised 
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Appendix 4.2 Perovskite-hosted inclusion data – see digital appendix 
 
Appendix 4.3 Magnetite-hosted inclusion data – see digital appendix 
 
Appendix 4.4 Heated perovskite-hosted inclusion data – see digital appendix 
 










The thesis aimed at the development of carbonatitic lava at Oldoinyo Lengai and the perovskite-rich 
segregations in the ultramafic and carbonatitic rocks at Afrikanda alkaline-ultramafic complex to 
advance the knowledge on the genesis of carbonatitic volcanism and carbonatite-related igneous 
complexes. The studies effectively build on and expand the use of petrography and mineralogy of 
carbonatites and associated alkaline silicate rocks to further the understanding of the genesis of 
extrusive and intrusive carbonatites. The projects make a significant contribution to the current literature 
on liquid immiscibility in non-silicate magmas, inclusion studies in oxide minerals and the complex 
mineralogy of carbonatites.  
 
This chapter summarises the key results of the studies and reflects on their significance, based on 
scientific merit and their implications for carbonatites, alkaline-ultramafic complexes and oxide 
deposits. Section 7.1 summarises how each chapter has contributed to answering the research aims of 
this thesis. Section 7.2 presents how the findings fit into the spectrum of carbonatite research and the 
implications the research has on the broader academic community (e.g. oxide deposit research). Section 
7.3 discusses the avenues for future research on carbonatites and associated economic deposits.   
 
5.2 Summary and significance of the research  
5.2.1. Chapter 2: Different types of liquid immiscibility in carbonatite magmas: a case study of the 
Oldoinyo Lengai 1993 lava and melt inclusions 
This chapter investigates the texture and mineralogy of the June 1993 natrocarbonatite lava at Oldoinyo 
Lengai and presents petrographic evidence of liquid immiscibility between silicate, carbonate, chloride, 
and fluoride melt phases. The study demonstrates that multi-stage liquid immiscibility is a major factor 
in the petrogenesis of this lava at Oldoinyo Lengai. Several previous studies have investigated samples 
from the June 1993 lava and reported detailed descriptions of the eruption with petrography and 
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mineralogy of the lava (Church and Jones, 1995; Dawson et al., 1994; Dawson et al., 1996) and 
geochemical data (Simonetti et al., 1997). This work has built on these studies, with the identification 
of carbonate-carbonate and carbonate-halide immiscibility within the natrocarbonatite lava and has 
shown that different types of liquid immiscibility, other than silicate-silicate and silicate- carbonate, can 
occur in natural magmas. The genetic model for the 1993 natrocarbonatite lava involved the unmixing 
of several chemical components at different stages of evolution in the magmatic system. The first stage 
required a new injection of nephelinitic magma to intrude into the magma chamber. As the intrusion 
rises and cools, it undergoes silicate-carbonate immiscibility and partially separates into carbonate and 
peralkaline nephelinitic melts, with the carbonate segregation accumulating at the top of the intrusion. 
The carbonate head of the intrusion disrupts the carbonate crystal mush at the top of the magma 
chamber, and pushes silicate minerals into the carbonate crystal mush. The high density of crystals 
enabled these silicate spheroids to become trapped within the surrounding natrocarbonatite magma. The 
second stage of immiscibility occurred during the eruption, with the decreasing temperature and 
pressure generating a heterogeneous mix of four immiscible phases, with carbonate-carbonate and 
carbonate-halide immiscibility recorded in the groundmass. The identification of these diverse unmixed 
phases at both the macro- and micro-scale presents clear evidence that several types of liquid 
immiscibility occurred during the evolution of a single melt, both in the magma plumbing system and 
during the eruption, to produce a carbonatitic lava. 
5.2.2 Chapter 3: Textural evolution of perovskite in the Afrikanda alkaline-ultramafic complex, Kola 
Peninsula, Russia 
This chapter examines the textures and chemical composition of perovskite from the ultramafic and 
carbonatitic rocks in the Afrikanda alkaline-ultramafic complex and investigates the development of 
perovskite-rich segregations in these rocks. The scarcity of perovskite ore deposits has limited the 
number of genetic studies and prior to this study there was great uncertainty on how the perovskite 
accumulated to an ore-grade level in this setting. Our geochronological study of perovskite from the 
olivinites, clinopyroxenites and silicocarbonatites yielded similar ages to previous estimations 
(Arzamastsev et al., 2000). The perovskite and titanite ages support the contemporaneous emplacement 
of these lithologies at Afrikanda. Across the ultramafic and carbonatitic rocks, we identified three 
different perovskite textures, based on based on crystal morphology, inclusion abundance, composition, 
and zonation. The model for the textural development of perovskite-rich segregations in the Afrikanda 
alkaline-ultramafic complex combines the observed textures and findings from other oxide-rich 
complexes and deposits. Subsolidus sintering and re-crystallisation are commonly accepted processes 
for the densification of magnetite and chromite into monomineralic layers (Reynolds, 1985; Hulbert 
and Von Gruenewaldt, 1985; Ulmer and Gould, 1982). The textural transformation involved the 
progressive coarsening of clusters and networks of fine-grained perovskite crystals into mosaics of 
coarse-grained and massive perovskite in the ultramafic rocks due to post-magmatic recrystallization 
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and textural re-equilibration. The three stages of development in the perovskite-rich sections involved 
(1) textural equilibration enabling the development of fine-grained, equigranular, monomineralic 
clusters and networks after initial perovskite crystallisation (2) grain rotation and coalescence of the 
small equilibrated polygonal clusters to form fine- to coarse-grained interlocked anhedral 
polycrystalline mosaics (3) in some areas the continued consolidation and coarsening transforms the 
large polycrystalline perovskite into massive perovskite. We propose that the silicocarbonatites did not 
undergo perovskite recrystallization due to the lower solidus temperature of the silicocarbonatites 
compared to the ultramafic rocks.  However, the perovskite from both the ultramafic rocks and 
silicocarbonatites experienced the same fluid-driven alteration. The findings show that the formation of 
the carbonatites in the complex is different from the formation of the ultramafic rocks.  
5.2.3. Chapter 4: Polymineralic inclusions in oxide minerals of the Afrikanda alkaline-ultramafic 
complex: Implications for the evolution of perovskite mineralisation  
This chapter presents a petrological and mineralogical examination of the polymineralic inclusions 
hosted in perovskite and magnetite from the ultramafic and carbonatitic rocks in the Afrikanda complex. 
The study provides support for the process of perovskite amalgamation and re-equilibration in the 
Afrikanda complex discussed in Chapter 3, with post-magmatic sintering proposed as the cause for the 
variable distribution and abundance of inclusions between the three types of perovskite in olivinites, 
clinopyroxenites and silicocarbonatites at Afrikanda. The non-magmatic model presented in this chapter 
illustrates the processes involved in the formation of inclusion-rich T1 perovskite, and the loss of 
inclusions and transition from small disseminated inclusion-free magmatic perovskite grains to 
equigranular, inclusion-rich grains in clusters and accumulations of massive perovskite. The first step 
is the magmatic precipitation of small disseminated inclusion-free perovskite grains enclosed by larger 
silicate, carbonate and oxide minerals. During subsolidus cooling, the randomly orientated grains 
accumulate together through grain rotation and collision at triple junctions to develop into loosely 
packed aggregates of perovskite with entrapped material between the grains. Coalescence of adjoining 
perovskite grains and re-adjustment of grain boundaries leads to the removal formation of pseudo-
octahedral shapes with straight boundaries and polymineralic inclusions. The granbolastic-polyagonal 
texture of these grains is assigned to T1 perovskite. The collision of these equigranular polygonal T1 
perovskite leads to the development of clusters and chains surrounded by silicate and oxide minerals. 
Sintering of T1 perovskite results in the development of an intricate crystal mosaic of interlocked 
anhedral T2 perovskite grains. In some areas, the continued consolidation and coarsening transforms 
the T2 perovskite into massive T3 perovskite. The findings show the importance of inclusion studies 
for interpreting the origin of oxide minerals and their associated economic deposits and that formation 




5.3.1 Oldoinyo Lengai 
The global literature encompasses a substantial quantity of information on the composition of the 
carbonatite lavas at Oldoinyo Lengai (Church and Jones, 1995; Dawson, 1962; Le Bas, 1981; Mitchell, 
2005; Mitchell, 2009). However, details on the mineralogical and textural relationship between minerals 
in the lavas are lacking. This study on the mineralogy and melt inclusions at Oldoinyo Lengai has shown 
that liquid immiscibility can be responsible for the formation of natrocarbonatites and that liquid 
immiscibility can occur between multiple phases are different times during a single eruption. The 
identification of carbonate-carbonate and carbonate-halide immiscibility within the natrocarbonatite 
lava supports the theory that different types of liquid immiscibility, other than silicate-silicate and 
silicate-carbonate, can occur in natural magmas. Due to the rarity of and difficulty in capturing 
definitive evidence of liquid immiscibility within magmas, a large portion of the research on liquid 
immiscibility is experimental based (Groos and Wyllie, 1963; Kjarsgaard et al., 1995; Kjarsgaard and 
Peterson, 1991; Petibon et al., 1998). Therefore, this research contributes to the field of liquid 
immiscibility in natural samples and the identification of carbonate-carbonate and carbonate-halide 
unmixing in the lavas' groundmass has the potential to provide a new avenue for the study liquid 
immiscibility in natural magmas. 
5.3.2 Afrikanda alkaline-ultramafic complex 
In terms of global significance, very few studies have been completed on the Afrikanda alkaline-
ultramafic complex, and the geochemical and textural information provided by the study adds 
substantially to existing information available on perovskite in the carbonatites and ultramafic rocks. 
The study at Afrikanda has highlighted the textural and mineralogical complexity of the alkaline-
ultramafic complex and provides a new perspective on the genesis of the perovskite ore in the Afrikanda 
alkaline-ultramafic complex. The study also contributes to the understanding of how perovskite-rich 
segregations form, as there are a few other localities around the world where perovskite forms in high 
abundances but almost no studies have mentioned, let alone studied, them e.g. Tapira, Brazil and 
Powderhorn, USA. Understanding these perovskite-rich portions in the carbonatite complexes at these 
locations are important for understanding the formation of the carbonatite complex, and therefore this 
study provides a basis for future studies on these complexes.  
It has been proposed by Anton and Chakhmouradian (2004) that the Afrikanda complex is the 
remnants of an exposed lopolith that served as a feeder of a natrocarbonatite volcano, like Oldoinyo 
Lengai. Therefore, it is undoubtedly plausible that liquid-immiscibility is responsible for the formation 
of the Afrikanda complex. The multi-stage process of the Oldoinyo Lengai volcano is comparable to 
the Afrikanda complex in regard to the silicate rocks crystallising prior to the formation of the 
carbonatites, as supported by textural and geochronological data. Additionally, The unexpected 
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identification of textural similarities between perovskite-rich segregations at Afrikanda and chromite 
and magnetite deposits in various igneous complexes has significant implications for oxide and 
perovskite deposit research in the future. Therefore, the detailed petrological and mineralogical study 
of perovskite-rich segregations at Afrikanda could also have implications for the development of 
monomineralic layers in oxide deposits. The limited number of studies conducted on polymineralic 
inclusions observed in chromite layers in oxide deposits opens a new avenue of study in chromite 
deposits, and may have implications for the current theories hypothesized for their formation.  
Additionally, the benefit of utilising EBSD in mineral studies was supported by this study, with 
the identification of internal grain boundaries that were not visible in BSE images. Several other authors 
have shown the successful application of this technology (Humphreys, 2001; Mörk and Moen, 2007; 
Prior et al., 2009) and the addition of this study highlights the importance of EBSD to help determine 
the evolution of microstructures and textures during annealing in igneous, sedimentary and 
metamorphic settings.  
5.3.3 Inclusion studies 
Inclusion studies have expanded rapidly over the last decade, largely due to advances in microanalytical 
techniques, and have been at the centre of many recent petrological and geochemical discoveries. The 
study of melt and polymineralic inclusions at both complexes highlights the importance of these tiny 
parcels of melt in understanding numerous aspects of the rocks and their genesis. For the study of 
Oldoinyo Lengai, the identification of liquid-immiscibility within the inclusions of silicate and 
carbonate minerals enables the timing of immiscibility to be predicted. At Afrikanda, the study of the 
inclusions provided the opportunity to see past the later metamorphism and alteration to better 
understand the earliest stages of the complex development of the perovskite-rich deposits. 
Polymineralic inclusions are generally rare in magmatic environments, and the unusual compositions 
of this type of inclusion is not widely discussed in the literature, with the general assumption being that 
they are magmatic. The study of the perovskite at Afrikanda raises questions about the viability of 
perovskite being a magmatic mineral and presents several avenues for future research.  
 
5.4 Future research  
The contributions listed in the previous section indicate how much scientific information can be 
acquired from petrological and geochemical analyses of carbonatites and associated complexes. The 
studies have provided a multi-stage immiscibility model for the genesis of carbonatite lava and an 
insight into the complex history of perovskite in alkaline-ultramafic complexes, but there are still many 
questions about Oldoinyo Lengai and Afrikanda that have not been addressed. Therefore, these studies 
have provided a starting point for research focused on petrological and economical enigmas in 
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carbonatites and oxide-rich complexes. Key questions arising from the study that warrant further 
research include: 
(1)  How does perovskite from the Tapira and Powderhorn (aka Iron Hill) compare to Afrikanda? 
One of the substantial implications of the findings from Chapter 3 is that the perovskite-rich 
segregations of the Afrikanda complex may not be formed solely through the magmatic processes. 
However, the unknowns associated with the other perovskite deposits at Tapira, Brazil and Powderhorn, 
USA limits the conclusions that can be drawn from our study. Powderhorn, USA and Tapira, Brazil, 
along with Afrikanda, Russia are the only known titanium deposits where the primary titanium-bearing 
mineral is perovskite (Armbrustmacher, 1981; Brod et al., 2013). Tapira and Powderhorn are also both 
carbonatite complexes, with the main theories for their formation associated with partial melting, 
fractional crystallization and liquid-liquid immiscibility. A limited number of studies have been 
conducted on these complexes, but none have conducted detailed investigations on the perovskite-rich 
segregations hosted in pyroxenites and perovskite-magnetite dykes in these complexes. At Tapira, the 
current theory is that these zones are indicative of the remobilisation of crystal-mush aggregates during 
the emplacement of partially-crystallised cumulate sequences (Brod et al., 2013) and at Powderhorn, 
the perovskite-rich layer is believed to have formed from multiple pulses of magma (Temple and 
Grogan, 1965; Van Gosen, 2009 – from thesis). Liquid immiscibility is also proposed to have played a 
role in the genesis of these units in the later stages of the Powderhorn complex. Therefore, we propose 
that a detailed textural and mineralogical investigation of the perovskite-rich segregations of Tapira and 
Powderhorn would provide a more complete understanding of the mechanisms involved in the textural 
development of perovskite in these complexes. The Afrikanda complex was thought to be purely 
magmatic prior to our study, and so may be the case with these complexes. The studies would also have 
implications for understanding the unusual nature of perovskite deposits and clarify whether these 
perovskite-rich segregations have been generated by a similar mechanism to those at Afrikanda. 
(2)  How do other alkaline-ultramafic carbonatite complexes compare to the Afrikanda complex?  
The best way to improve our understanding of carbonatites and provide a more comprehensive view on 
the conditions required to generate carbonatite complexes is to identify and establish patterns and 
similarities between outcrops to help link and evaluate the different formation mechanisms. Therefore, 
the first complex recommended is the Guli pluton, the world’s largest alkaline ultramafic carbonatite 
massif, mostly composed of dunites and peridotites. The complex is of Triassic age (240 Ma) and covers 
an area of 1500-1600 km2.  It is a polyphase pluton consisting of a variety of rock types intruded in the 
order: dunites, pyroxenites, melilitic rocks, melteigites, syenites and carbonatites (Kapustin, 1980).  The 
complex will help to understand the relationship between the peridotites and carbonatites and to 
determine the differentiation processes that enabled the formation of the carbonatites in the complex. 
By conducting a detailed mineralogical study of carbonate-bearing melt inclusions in dunite from the 
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Guli complex, this would be one of the first melt inclusion studies to be conducted on carbonatites from 
the Guli complex and would provide an insight into the composition of the melt prior to emplacement 
and the evolution of the melt during magmatic ascent. 
(3) What are the composition of inclusions in different units from chromite deposits that are 
texturally similar to Afrikanda?  
Oxide ore deposits have been the focus of numerous academic studies, with a range of magmatic, 
metamorphic and sedimentary processes proposed for their formation (Borrok et al., 1998; Force, 1991; 
Hou et al., 2017; Irvine, 1977; Latypov et al., 2017). The ongoing similarities identified between 
perovskite from Afrikanda and chromite and magnetite layers in various igneous complexes indicates 
that similar post-magmatic coarsening processes are involved in the formation of polymineralic 
inclusions in oxide minerals and ultimately the textural development of oxide ore deposits with 
monomineralic layers. Many papers discuss the change from inclusion-rich to inclusion-free sections 
due to recrystallisation and sintering (Borisova et al., 2012; Christiansen, 1985; Vukmanovic et al., 
2013; Yudovskaya and Kinnaird, 2010). However, very few consider the composition of these 
inclusions prior to their disappearance to better understand the formation of these inclusions and the 
environment that caused them to be trapped in the minerals. We propose inclusion studies be conducted 
on chromite-hosted inclusions in the Oman ophiolite belt and the Fiskenaesset and Bushveld complexes, 
to determine the distribution and composition of the inclusions, the timing of the trapped inclusions and 
ultimately place genetic constraints on the formation of chromite. In oxide ore deposits, many of the 
principal minerals contain inclusions suitable for visually controlled heating and other experimental 
studies (e.g. olivine, apatite, nepheline, clinopyroxene, and phlogopite), yet the primary oxide ore 
minerals (e.g. Cr-spinel and magnetite) are not. Although these minerals are opaque, their hardness, 
absence of cleavage and resistance to alteration enables their inclusions to preserve trapped melt 
compositions. The non-silicate and non-carbonate nature of the host oxide minerals allow confident 
recognition of trapped silicate and carbonate melt components, as the latter are unlikely to suffer from 
post-entrapment re-equilibration with the host. Yet inclusion studies in chromite deposits are rare. Many 
chromite deposits are thought to be magmatic based on the study of their mineralogy, however, the 
study of hosted inclusions can provide another level of evidence to further prove or disprove this idea. 
These studies would involve petrological and geochemical analyses and by extending the study of 
polymineralic inclusions to these deposits, would enable the validity of the implications of Chapter 3 
and 4 to be verified. The unexpected discovery of polymineralic inclusions at Afrikanda and the limited 
number of published studies on polymineralic inclusions outside of ultra-high pressure complexes, 
indicates the importance of expanding this area of research. As without more data the ability to 
determine the relationship between these inclusions and the host minerals is severely restricted.  
(4) Additional areas of future research 
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Other avenues that have been identified during the completion of this thesis include the crystallization 
of silicate minerals in carbonatites, as this has important implications on the composition of crustal 
carbonatites. Since carbonatite petrogenesis is still heavily debated in the scientific community any new 
information regarding the character and nature of carbonatite magmas is essential. Additionally, the 
conditions of formation of the various types of carbonates (e.g. dolomitic and calcitic) and their mutual 
association in carbonatite complexes is not well understood. Therefore, every new discovery of 
carbonatite or carbonate-bearing magmatic rock presents an opportunity for a better understanding of 
the complex processes leading to their formation and emplacement. 
 
5.5 Final remarks 
The wealth of knowledge about carbonatites shows how far the scientific community has come in the 
ability to identify and interpret these rocks and understand their formation. However, fundamental 
questions about the evolution of carbonatites from the mantle to the surface, caused by their potential 
to form through various magmatic and metamorphic mechanisms, need to be addressed. Therefore, 
through the persistent study of intrusive and extrusive carbonatites, we will continue to gain a well-
rounded view on the different aspects of carbonatite complexes and better understand the processes that 
modify and control the evolution of carbonatites and their associated mineral deposits around the world. 
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Oldoinyo Lengai is situated within the Gregory Rift Valley (northern Tanzania) and is the only active volcano
erupting natrocarbonatite lava. This study investigates the texture and mineralogy of the June 1993 lava at
Oldoinyo Lengai, and presents petrographic evidence of liquid immiscibility between silicate, carbonate, chloride,
and fluoride melt phases. The 1993 lava is a porphyritic natrocarbonatite consisting of abundant phenocrysts of
alkali carbonates, nyerereite and gregoryite, set in a quenched groundmass, composed of sodium carbonate,
khanneshite, Na-sylvite and K-halite, and a calcium fluoride phase. Dispersed in the lava are silicate spheroids
(b2 mm) with a cryptocrystalline silicate mineral assemblage wrapped around a core mineral. We have identi-
fied several textural features preserved in the silicate spheroids, melt inclusions, and carbonatite groundmass
that exhibit evidence of silicate-carbonate, carbonate-carbonate and carbonate-halide immiscibility. Rapid
quenching of the lava facilitated the preservation of the end products of these liquid immiscibility processes
within the groundmass. Textural evidence (at both macro- and micro-scales) indicates that the silicate, carbon-
ate, chloride and fluoride phases of the lava unmixed at different stages of evolution in the magmatic system.








The petrogenetic evolution of silicatemagmas iswell known and ex-
tensively studied due to the preponderance of siliceous-type volcanism
worldwide. In contrast, carbonatemagmas are rarely observed in nature
with themajority identified in intrusive settings and commonly altered
post emplacement (Mitchell, 2005; Woolley, 2003). Oldoinyo Lengai
(Tanzania) is the sole active volcano that erupts carbonatites and pro-
vides anunprecedented opportunity to better understand themagmatic
evolution of this non-silicate type of Earth's magmatism.
The most commonly accepted mechanism proposed for the forma-
tion of natrocarbonatites is silicate-carbonate liquid immiscibility
(Church and Jones, 1995; Dawson et al., 1996; Keller and Krafft, 1990;
Kjarsgaard et al., 1995; Mitchell, 2009; Mitchell and Dawson, 2012;
Peterson, 1990; Sharygin et al., 2012). Liquid immiscibility is defined
as “the coexistence of two ormore liquid phases in equilibrium…[and]…oc-
curs when the sum of the free energies of two melts in less than that of a
mixture of them” Freestone (1989). The rarity of and difficulty in captur-
ing definitive evidence of liquid immiscibilitywithinmagmas has posed
a challenge for researchers, as the rocks undergo crystallisation and
post-magmatic alteration. For evidence to be preserved of the unmixing
process, the liquids must either spatially separate or undergo no mag-
matic or weathering processes after unmixing. Consequently, the pro-
cess of liquid immiscibility and its role in magmatic differentiation has
been largely overlooked.
Melt inclusion and experimental studies are the primary methods
used to support the identification of liquid immiscibility during the for-
mation of magmatic rocks. Melt inclusions provide ‘snapshots’ of melts
and fluids at the time of crystallisation and have recorded occurrences
of liquid immiscibility in magmas from a variety of different tectonic
settings (Kamenetsky and Kamenetsky, 2010; Mitchell, 2009; Panina
and Motorina, 2008; Sekisova et al., 2015; Thompson et al., 2007). Ex-
perimentalwork endeavors to reproduce the sequence and composition
of the phases appearing in natural rocks, offering theoretical conditions
for these unmixing processes (Brooker and Kjarsgaard, 2011; Freestone
and Hamilton, 1980; Kjarsgaard and Peterson, 1991; Moore, 2012;
Veksler et al., 2012;Wyllie et al., 1990). The small size (b25 μm)anddis-
equilibrium state within the melt inclusions, and the limited applicabil-
ity of experimental studies to the natural environment renders some of
the evidence and interpretations controversial.
Here we describe the texture and mineralogy of natrocarbonatite
lava samples from the 1993 eruption at Oldoinyo Lengai and present
both petrographic andmelt inclusion evidence for the occurrence of liq-
uid immiscibility between silicate, carbonate, chloride, and fluoride
melt phases.
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2. Geological setting and previous work
Oldoinyo Lengai, the only active natrocarbonatite volcano in the
world, is situated within the Gregory Rift Valley in northern Tanzania.
Between June 14 and June 25, 1993, two of themost volumetrically larg-
est lava flows erupted at Oldoinyo Lengai: the massive southern flow
and the Chaos Crags flow (Dawson et al., 1994). These eruptions termi-
nated a 10-year period that was dominated by the extrusion of low-vol-
ume, highly mobile carbonatite flows (Dawson et al., 1996). The
samples investigated here are from the Chaos Cragsflow,which is a par-
ticularly crystal-rich lava (79–91% by volume), with a similar viscosity
to rhyolite (Dawson et al., 1994). Several previous studies have investi-
gated samples from the June 1993 lava and reported detailed descrip-
tions of the eruption with petrography and mineralogy of the lava
(Church and Jones, 1995; Dawson et al., 1994; Dawson et al., 1996)
and geochemical data (Simonetti et al., 1997).
3. Methodology
The samples were mounted in epoxy resin and polished using kero-
sene to prevent destruction of soluble minerals and melt inclusions.
After exposure, sampleswere stored in a desiccator tominimise interac-
tion with atmospheric moisture. All analytical work was performed at
the Central Science Laboratory (CSL), University of Tasmania, Australia.
Mineral and melt inclusion compositions were determined by
backscattered electron (BSE) imaging and energy dispersive X-ray spec-
trometry (EDS) using a Hitachi SU-70 field emission scanning electron
microscope (SEM). Silicate and fluorapatite kernels were analysed
using a Cameca SX100 electron microprobe equipped with a tungsten
filament and five wavelength dispersive spectrometers (WDS) using
15 kV accelerating voltage, 30 and 20 nA beam current and a 5 and
20 μm beam diameter, respectively. Additional details are provided in
Supplementary Methods. Electron backscattered diffraction (EBSD) on
a Hitachi SU-70 SEM was used to evaluate the crystallographic orienta-
tion of the crystal microstructures. Ion-polishing for EBSD studies was
done in Adelaide Microscopy. The EBSD analysis was performed using
20 kV acceleration voltage, around 3 nA beam current and an Oxford
AZtec NordlysNano EBSD detector integrated with the EDS system.
4. Results
The lava is a porphyritic natrocarbonatite composed of abundant
euhedral to subhedral phenocrysts of alkali carbonates, nyerereite
Na2Ca(CO3)2 and gregoryite (Na2K2Ca)CO3, surrounded by a quenched
carbonatite groundmass (Fig. 1). Dispersed in the lava samples are sili-
cate spheroids (b2 mm) characterised by a core kernel (N200 μm)
enveloped in a cryptocrystalline assemblage composed of various sili-
cate minerals. The lava has a low to moderate vesicularity (7–26%
vesicles), with a size distribution from b50 μm to 10mm. Small vesicles
have subspherical shapes, whereas the large vesicles are irregular and
elongated, often showing signs of coalescence.
4.1. Groundmass
The carbonatite groundmass accounts for around 20% of the lavas'
volume (excluding vesicles) and is mainly composed of sodium carbon-
ate, khanneshite (NaCa)3(Ba,Sr,Ce,Ca)3(CO3)5, salt aggregates and a CaF
phase (Fig. 2). Scattered throughout the carbonatite groundmass are
anhedral to subhedral crystals (b20 μm) of apatite, cuspidine
Ca4(Si2O7)(F,OH)2, nepheline (Na,K)AlSiO4 and sulphides.
The primary constituent of the groundmass is a sodium-rich carbon-
ate phase (Figs. 2, 3) that has a similar chemical composition to the
gregoryite phenocrysts but contains slightly more Na (32% and 31%, re-
spectively) and less Ca (5% and 7%, respectively). Another groundmass
carbonate is Ba-rich (38–41wt.% BaO), similar to khanneshite, distribut-
ed sporadically in the lava and has irregular, angular shapes (Fig. 1b).
The salt aggregates are composed of two chloride end-members: potas-
sium and sodium chloride,with both phases containingminor Na andK,
respectively. Potassium chloride (Na-sylvite) is the primary component
with sodium chloride (K-halite) dispersed inside, although there are
areas composed of pure halite. Irrespective of their composition, all
salt aggregates have spherical to irregular shapes (Fig. 3). The CaF
phase exhibits linear, globular, symplectic, and graphic textures
(Fig. 3), similar textures have been observed by Church and Jones
(1995) and Dawson et al. (1996). The texture of the CaF phase varies
throughout the samples and appears to be dependent on the surround-
ing phases, the most prevalent is the linear intergrowth texture
(Fig. 3b). There are several crystallographic orientations observed for a
given CaF phase (Fig. 4c; d). The variation in colour in Fig. 4c and d indi-
cates a difference in the orientation of the crystals, that is attributed to
changes in the x, y and z axis. The stoichiometric composition is 44–47
wt.% F, 50–53 wt.% Ca and 1–4 wt.% Sr.
The sulphideminerals identifiedwithin the groundmass are pyrrho-
tite, Fe-alabandite MnS, Mn-sphalerite (Zn,Fe)S, djerfisherite
K6Na(Fe,Cu,Ni)22S26Cl and galena. These sulphides mostly occur as
small individual (b20 μm) anhedral crystals, as well as rare clusters
(25–75 μm). The K-Fe-sulphide mineral has been identified as
djerfisherite by the K:Fe:S ratio, despite the lack of Cu, Ni and Cl. The
djerfisherite crystals occur as anhedral grains ranging in size from
5 μm to 100 μm, and contain 8–11% K and 38–44% Fe. K-Fe-sulphide
minerals have been observed in other natrocarbonatite lavas at
Oldoinyo Lengai (Dawson et al., 1995; Jago and Gittins, 1999; Mitchell,
1997; Mitchell, 2006). The irregular distribution of the sulphide min-
erals throughout the groundmass and in phenocrysts suggests that
they were present in the magma prior to eruption, as supported by
Mitchell (1997) in the case of the 1995 eruption.
a b
Fig. 1. (a) Back scattered electron (BSE) image of the 1993 lava, with nyerereite and gregoryite phenocrysts surrounded by the carbonatite groundmass. (b) BSE image of khanneshite in
the carbonatite groundmass. Abbreviations: CaF – calcium fluoride, Gr – gregoryite, Kh – khanneshite, Ny – nyerereite, SC – sodium carbonate.
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Other accessory minerals found in the groundmass are euhedral to
subhedral crystals of fluorapatite, nepheline, cuspidine, and magnetite
with an elevated concentration ofMn (1–4wt.%). The cuspidine crystals
(b20 μm) exhibit oscillatory zoning and contain numerous inclusions of
Mn-magnetite. Other rare minerals include a potentially water-bearing
potassium sulphate (b10 um) and an unknown Ba-K-Na-Mg fluoride
mineral that forms small (b10 μm) anhedral grains. A similar fluoride
mineral was identified by Mitchell (1997) as an intermediate member
between neighborite and its potassium analogue, identified as K-
neighborite (Na,K)MgF3.
4.2. Silicate spheroids
The silicate spheroids (b2 mm) feature a central kernel (b1 mm)
surrounded by a cryptocrystalline assemblage of clinopyroxene, garnet,
nepheline, wollastonite, fluorapatite, magnetite, cuspidine and various
sulphides (b20 μm; Fig. 5). There is a distinct boundary between the
spheroids and the surrounding carbonatite groundmass, with
nyerereite phenocrysts oriented around the spheroids (Fig. 5a). The
amount of the silicatematerial around kernels varies from a thin coating
(Fig. 5d) to a much greater thickness that can fluctuate around the ker-
nel (Fig. 5a, c). The kernel is usually a single euhedral crystal, or less
commonly two or more crystal species either isolated or as a crystal ag-
gregate (Fig. 5a-d). These grains are typically nepheline, clinopyroxene,
garnet, wollastonite and fluorapatite. A subspherical carbonate phase is
present within the silicate mineral assemblage, ranging in size from 10
to 150 μm (Fig. 5e, f). Some have separated into two carbonate compo-
sitions, a Na-rich phase (30–40 wt.% Na2O), and a Ca-rich phase (23–
28 wt.% CaO, 7–8 wt.% K2O), both have irregular shapes, usually with
the Ca-rich phase enveloped by the Na-rich phase.
4.2.1. Kernels
The majority of the nepheline grains have a homogeneous composi-
tion (Fig. 5b) with a small number exhibitingminor zonation with anti-
thetic variations in FeO and K2O concentrations (0.9–2.4 wt.% and 6–
7.3 wt.%, respectively). The wollastonite grains are lath-shaped and
have homogeneous compositions. Garnet grains belong to the
andradite-schorlomite solid solution series and are identified as
schorlomite end-members due to their high TiO2 contents (10–
15 wt.%; Fig. 5c). This mineral is referred to as Ti-andrandite by
Dawson et al. (1996) and melanite by Church and Jones (1995).
Clinopyroxene grains have predominantly low-Al, low-Ti compositions
and display irregular oscillatory zoningwith varyingMg and Fe contents
that are readily observed in the BSE images (higher and lowerMg/Fe ra-
tios correspond to darker and lighter areas, respectively; Fig. 5d). The
fluorapatite grains have high F contents (2–3 wt.%) and are less com-
mon than the previously mentioned silicate minerals. All kernels con-
tain inclusions (10–50 μm) of other minerals including wollastonite,
schorlomite, nepheline, clinopyroxene, titanite, and pyrrhotite. The
chemical compositions of the kernels are provided in Supplementary
Table S1. Detailed descriptions of the kernels in the silicate spheroids
are given in Church and Jones (1995), Dawson et al. (1994) and
Dawson et al. (1996).
4.3. Alkali carbonate phenocrysts
The nyerereite phenocrysts are primarily euhedral lath-shaped crys-
tals (Fig. 1) with homogeneous compositions and inclusions (b50 μm)
of fluorapatite, unknown Ba-K-Na-Mg fluoride, and small clusters (b
50 μm) of cuspidine and djerfisherite crystals (b10 μm). The gregoryite
phenocrysts have mostly rounded shapes with no well-defined crystal
faces (Fig. 1) and occasionally contain inclusions (5–20 μm) of
nyerereite, magnetite and djerfisherite. These crystals differ in their de-
gree of chemical and textural alteration, some phenocrysts have ho-
mogenous compositions, while others have perthitic textures with
variation in the Na and K content across each phenocryst (4–39 wt.%
and 14–33wt.%, respectively). Some altered phenocrysts display simple
lamellar textures, whereas irregular, patchy textures with disseminated
halite or K-halite are dominant (Supplementary Figs. S35–40). The la-
mellar textures suggest the breakdown of the gregoryite solid solution
(Dawson et al., 1995). Also, the rims of the chemically altered gregoryite
phenocrysts are more texturally uneven than the homogeneous
phenocrysts.
Fig. 2. BSE image and EDS element maps of the carbonatite groundmass. Abbreviations: CaF – calcium fluoride, Csp – cuspidine, Kh – khanneshite, Mg –magnetite, Ny – nyerereite, Po –
pyrrhotite, salt – K-halite and Na-sylvite, SC – sodium carbonate.
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The chemical compositions of the nyerereite and gregoryite pheno-
crysts do not differ significantly from those documented in other
natrocarbonatite lavas, except for the nyerereite phenocrysts which
have high BaO contents (up to 3 wt.%; Supplementary Table S2). More
details on the composition and textures of nyerereite and gregoryite
phenocrysts from other eruptions are described in Mitchell and
Kamenetsky (2012), Peterson (1990) and Zaitsev et al. (2009).
4.4. Melt inclusions
The exposed silicate and carbonate melt inclusions have a negative
crystallographic shape and are randomly distributed throughout the
crystals (Fig. 6). These are primary melt inclusions and represent the
melt composition at the time of entrapment, but may not represent
the bulk composition as all phases may not have been observed.
4.4.1. Silicate spheroids
The silicate melt inclusions (10 to 50 μm) are identified in all the sil-
icate kernel minerals (nepheline, wollastonite, clinopyroxene and
schorlomite; Fig. 6a-e). The glasses are silica-undersaturated and highly
enriched in alkali elements (Supplementary Table S3). The majority of
the silicate melt inclusions contain small Na-rich carbonate globules
(2–10 μm) and occasionally enclose small crystals (2–5 μm) of apatite,
clinopyroxene, magnetite and pyrrhotite. The wollastonite-hosted
melt inclusions are also characterised by the presence of annite (10 to
30 vol.%; Fig. 6c).
The clinopyroxene and schorlomite phenocrysts contain both sili-
cate and silicate-carbonate melt inclusions. The silicate-carbonate melt
inclusions contain Na-rich carbonate globules along with a polycrystal-
line carbonate globule (5–20 μm) composed of a fine-grained aggregate
of Na-rich and Ca-rich carbonate phases, similar to the carbonate com-
ponent in the silicate spheroids (Fig. 6d, e).
4.4.2. Alkali carbonate and fluorapatite phenocrysts
Primary carbonate melt inclusions (5–25 μm) have been identified
in nyerereite, gregoryite and fluorapatite phenocrysts (Fig. 6f-i). These
melt inclusions are scarce in comparison to the silicate melt inclusions
as nyerereite and gregoryite typically lack melt inclusions. The carbon-
ate melt inclusions have comparable chemical compositions to the
carbonatite groundmass. The fluorapatite-hosted carbonate melt inclu-
sions contain Na-rich carbonate and inclusions of apatite,magnetite and
calcite (Fig. 6f). Someof themelt inclusions have separated into an alkali
carbonate and khanneshite, with daughter phases of cuspidine, nephe-





Fig. 3. BSE images of groundmass textures in the June 1993 lava. Abbreviations: Al – Fe-alabandite, CaF – calcium fluoride phase, Ny – nyerereite, salt –K-halite andNa-sylvite, SC – sodium
carbonate.
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inclusions hosted in gregoryite contain a single nyerereite crystal in a
heterogeneous carbonate-Na-sylvite matrix (Fig. 6h). In contrast, the
nyerereite phenocrysts contain abundant melt inclusions, composed
of sodium carbonate, CaF and Na-sylvite with trapped crystals of
cuspidine, apatite, and magnetite (Fig. 6i).
5. Discussion
5.1. Silicate-carbonate immiscibility
Occurrences of silicate-carbonate liquid immiscibility are wide-
spread in nature and have been well documented in several alkaline
carbonate-bearing complexes (Guzmics et al., 2011; Guzmics et al.,
2012; Lloyd and Stoppa, 2003; Mitchell, 2009; Mitchell and Dawson,
2012; Nielsen et al., 1997; Panina, 2005; Sharygin et al., 2012; Zaitsev
et al., 2009). In our study, textural features of the silicate spheroids,
melt inclusions and carbonatite groundmass provide evidence of sili-
cate-carbonate immiscibility. The main textural evidence that supports
liquid immiscibility in the lava is the distinct boundaries between differ-
ent compositions in the melt inclusions and groundmass.
As textural evidence for liquid immiscibility is rarely preserved in
rocks, melt inclusions are fundamental for the identification of
unmixing in natural systems. The onset of silicate-carbonate immiscibil-
ity in carbonate-rich magmatic systems is an area of ongoing research,
and there have been several heating experiments on synthetic and
natural samples to determine the temperature and pressure of
unmixing (Freestone and Hamilton, 1980; Kjarsgaard et al., 1995;
Koster van Groos and Wyllie, 1966; Sharygin et al., 2012).
The silicate spheroids are identified as immiscible droplets of neph-
elinitic composition, which is consistent with previous interpretations
(Church and Jones, 1995; Dawson et al., 1994; Dawson et al., 1996).
The distinct boundary between the spheroids and the surrounding
carbonatite, the rounded shape of the spheroids, the orientation of the
nyerereite phenocrysts around the spheroids and the absence of pene-
tration by these phenocrysts (Fig. 5a, b), all support the idea that sili-
cate-carbonate liquid immiscibility enabled the formation of the
silicate spheroids. These textures also suggest that the silicate spheroids
were molten when first enveloped by the carbonate melt, enabling a
subspherical shape. The silicate spheroids subsequently cooled and so-
lidified prior to the crystallisation of the surrounding carbonate melt
preventing the carbonatemelt from penetrating the spheroids, an inter-
pretation first proposed by Dawson et al. (1996).
The presence of the carbonate componentwithin the silicatemineral
assemblage in the spheroids (Fig. 5e, f) suggests that silicate-carbonate
immiscibility proceedswith changes in temperature and pressure in the
magmatic system. The carbonate components have comparable chemi-
cal compositions, however, some have separated into Ca-rich and Na-
rich phases similar to the carbonate globules in the silicate-carbonate
melt inclusions (e.g. Fig. 6d), suggesting that the carbonate melt had a




Fig. 4. (a) Electron image of the area mapped with a clear outline of the calcium fluoride (CaF) phase, (b) Phase map based on combined EDS and EBSD data showing the CaF phase, (c)
Inverse pole figure (IPF) map in the Y direction showing varying crystal orientations in different colours, (d) Euler angle map using colours to denote the variety of crystal orientations in
space using Euler angles: φ1-red φ-green, φ2-blue, (e-f) EDS compositional maps showing the uniform concentration of calcium and fluorine in the CaF phase.
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(1994) suggested “the presence of carbonatite phases in the glasses
entrapped in both the spheroid silicate phenocrysts and the spheroidmatrix
indicates that the spheroids are exhibiting multiple episodes of separation
of carbonatite from a silicate melt”. The timing of separation of the car-
bonate component from the surrounding silicate melt remains un-
known. However, we suggest that liquid immiscibility during
magmatic ascent and cooling could have enabled the separation of the
carbonate component from the surrounding silicate melt. Another
possiblility could be that the carbonate component was trapped in the
silicate melt when the silicate spheroids were first incorporated into
the natrocarbonatite magma at the top of the magma chamber.
The kernels in the silicate spheroids do not represent phenocrysts in
the natrocarbonatite magma, but they crystallised from the nephelinitic
melt in the magma chamber. The kernels host silicate melt inclusions
that are interpreted to represent the parental peralkaline nephelinitic
magma in the magma chamber. The coexsistence of silicate and sili-
cate-carbonate melt inclusions in the clinopyroxene and schorlomite
kernels is the evidence for onset of silicate-carbonate liquid
immiscibility,with the separation of themelt into two coexisting silicate
and carbonate liquids.
The presence of cuspidine, nepheline and tilleyite in the groundmass
is evidence that silica was present in the natrocarbonatite magma dur-
ing crystallisation (Fig. 2; Dawson et al., 1996). The crystallisation of
cuspidine is enabled by the significant concentration of fluorine in the
natrocarbonatite magma.
5.1.1. Petrogenesis of silicate spheroids
The presence of silicate spheroids has not been reported in other
natrocarbonatite lavas at Oldoinyo Lengai. The petrogenic model envis-
aged for the formation of these silicate spheroids in the 1993 lava is an
adaptation of the processes suggested by Church and Jones (1995),
Dawson et al. (1994) and Dawson et al. (1996), and is summarised
here (Fig. 7). Prior to the 1993 eruption an injection of peralkaline neph-
elinitic magma intruded into the magma chamber (Fig. 7b). The intru-
sion disrupted the carbonate crystal mush at the top of the magma




Fig. 5. BSE images of silicate spheroids in the June 1993 lava. (a, b) Nepheline kernel surrounded by a silicate mineral assemblage, (c) Schorlomite kernel surrounded by a silicate mineral
assemblage, (d) Clinopyroxene kernel surrounded by a thin coating of the silicate mineral assemblage, (e, f) Close up of the silicate mineral assemblage within the silicate spheroids.
Abbreviations: CC – carbonate component, Cpx – clinopyroxene, Dj – djerfisherite, Gr – gregoryite, Nph – nepheline, Ny – nyerereite, Sc – schorlomite, Ttn – titanate, Wo –wollastonite.
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gregoryite phenocrysts (Dawson et al., 1994; Dawson et al., 1996). This
enabled the incorporation of silicate kernels into the natrocarbonatite
magma, with a silicate melt surrounding the kernels (Fig. 7c). The ele-
vated viscosity of the 1993 natrocarbonatite magma (i.e. nyerereite
and gregoryite crystal mush; Dawson et al., 1994; Dawson et al., 1996)
prevented the silicate spheroids from settling back into the nephelinitic
magma (Fig. 7c).
5.2. Carbonate-carbonate immiscibility
Two carbonate phases have been identified within the groundmass
of the June 1993 lava: sodium carbonate and khanneshite. Dawson et
al. (1996) also identified two carbonate groundmass phases, a
gregoryite-like phase and a Ba-rich carbonate phase referred to aswith-
erite. The Ba-rich carbonate phase has a variety of compositions in other
natrocarbonatite lavas, most likely caused by the different chemical
compositions of the carbonate melt (Dawson et al., 1996; Mitchell,
1997; Mitchell, 2006; Peterson, 1990). The identification of two differ-
ent carbonate phases in these natrocarbonatite lavas points to unmixing
of carbonates as a common feature of lavas at Oldoinyo Lengai.
We suggest that carbonate-carbonate immiscibility occurred during
quenching. The separation produced khanneshite and a homogeneous
Na-K-rich carbonate phase containing fluorine and chlorine, which sub-
sequently separates into sodium carbonate, CaF, and salt. The immisci-
ble separation of these two carbonate phases was supported by
Mitchell (1997), whereas Dawson et al. (1996) attributed the presence
of two carbonate phases rather than onehomogeneous carbonate phase
(Phase X) and the coarser grain size of the “sylvite and fluorite” is due to
slower cooling of the June 1993 lava.
5.3. Carbonate-halide immiscibility
We interpret the intergrown textures and chemical compositions of
the groundmass phases: sodium carbonate, khanneshite, CaF and salt,
and the presence of these same phases within the carbonate melt inclu-
sions, to be evidence for carbonate-halide immiscibility in the June 1993
eruption at Oldoinyo Lengai. The presence of multiphase carbonate-ha-
lide immiscibility is identified by textural relationships between the car-
bonate, chloride, and fluoride phases in the groundmass and within the
carbonate- and apatite-hostedmelt inclusions. Themelt inclusions have
similar chemical compositions and textures as the carbonatite ground-
mass, which indicates that the same unmixing processes occurred on
both macro- and micro-scales (Figs. 3, 6g-i). Subspherical to irregular
shapes of the mixed Na-sylvite and K-halite aggregates are common in
the groundmass of natrocarbonatites (Church and Jones, 1995;
Dawson et al., 1995; Dawson et al., 1996; Keller and Krafft, 1990;
Mitchell, 1997; Mitchell, 2006) and are most likely caused by sporadic
unmixing of the chloride liquid (Fig. 3). The CaF phase has been identi-
fied in other natrocarbonatite lavas as “intergrown fluorite with a
gregoryite-like mineral” (Church and Jones, 1995; Dawson et al., 1996;
Mitchell, 1997; Mitchell, 2006). The EBSD data shows that the CaF




Fig. 6. BSE images of silicate and carbonate melt inclusions. (a) Nepheline kernel with silicate melt inclusions, (b) Clinopyroxene-hosted silicate melt inclusion with an intermediate
reaction rim of aegirine-augite, (c) Wollastonite-hosted silicate melt inclusion, (d) Schorlomite-hosted silicate melt inclusion with a carbonate globule, (e) Clinopyroxene-hosted
silicate melt inclusion with a carbonate globule, (f) Fluorapatite phenocryst in the carbonatite groundmass with numerous carbonate melt inclusions, (g) A close up of carbonate melt
inclusions in the fig. 6f fluorapatite phenocryst, (h) Gregoryite-hosted carbonate melt inclusion, (i) Nyerereite-hosted carbonate melt inclusion. Abbreviations: Ac – alkali-carbonate,
Aeg – aegirine, Ann – annite, Ap – apatite, Aug. – augite, Bac – barium-rich carbonate, CaF – calcium fluoride phase, Csp – cuspidine, F – unknown Ba-K-Na-Mg fluoride, Kh –
khanneshite, Mg – magnetite, Nph – nepheline, Ny – nyerereite, SC – sodium carbonate, Sg – silicate glass, Syl – Na-sylvite, Wo – wollastonite, 1 – calcium-rich phase, 2 – sodium-rich
phase.
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has a distinctive texture that is typical of a liquid occurring interstitially
to solid phases (e.g. nyerereite in this case; Fig. 3). The high crystal con-
tent of the lava, and thus inferred high degree of crystallisation, could
have led to high concentrations of fluorine and chlorine in the residual
melt, prompting unmixing of halide liquids on quenching. The process
of liquid immiscibility during quenching and related textures are best
depicted in experimental works with carbonate-silicate compositions,
where the melt components form ‘immiscibility’ textures, and bona
fide crystallographic shapes do not have time to develop (Brooker and
Kjarsgaard, 2011; Kamenetsky and Yaxley, 2015). Immiscible carbon-
ate-halide intergrowths have been described in other natrocarbonatite
lavas with different proportion and composition of the unmixed com-
ponents (Mitchell, 1997; Mitchell, 2006; Peterson, 1990). The rapid
quenching of the lava facilitated the preservation of the end products
of these immiscibility processes within the groundmass.
5.4. Multistage immiscibility
The mineralogical and textural features of the studied samples sup-
port the following origin of the 1993 natrocarbonatite lava at Oldoinyo
Lengai (Fig. 7). The unmixing of the silicate, carbonate, chloride and
fluoride components can be separated into different stages of evolution
in the magmatic system and represent both high- and low-pressure
immiscibility.
The first stage of liquid immiscibility is recorded by the silicate
spheroids and the silicate melt inclusions within the central kernels.
The observation of sodium carbonate globules and fine-grained carbon-
ate aggregates in the silicate melt inclusions indicates that the onset of
silicate-carbonate liquid immiscibility happened prior to the
crystallisation of the silicate minerals in the magma chamber. This im-
miscibility resulted in the spatial separation of the carbonate melt
from the parental peralkaline nephelinitic melt in the magma chamber
(Fig. 7a; Dawson et al., 1992; Mitchell, 1997; Sharygin et al., 2012). Our
interpretations support that the separation happened at a shallow level
within the magma plumbing system at Oldoinyo Lengai (Freestone and
Hamilton, 1980; Keller and Zaitsev, 2012; Kervyn et al., 2008;
Kjarsgaard et al., 1995).
The second stage of immiscibility occurred during eruption, as the
decreasing temperature and pressure promotes unmixing in the car-
bonatemelt, generating a heterogeneousmix of four immiscible phases.
These fractions are represented by the two carbonate phases: sodium
carbonate and khanneshite, and the two halide phases: CaF and Na-syl-
vite and K-halite salt aggregates.
6. Conclusions
1. The evidence presented suggests that liquid immiscibility occurred
between silicate, carbonate, chloride, and fluoride melt phases in
the June 1993 natrocarbonatite, and show thatmulti-stage liquid im-
miscibility is a major factor in the petrogenesis of this lava at
Oldoinyo Lengai.
2. The identification of carbonate-carbonate and carbonate-halide im-
miscibility within the natrocarbonatite lava shows that different
types of liquid immiscibility, other than silicate-silicate and silicate-
carbonate, can occur in natural magmas. The identification of these
Fig. 7. (a) Stratifiedmagma chamber with an emulsion of nephelinitic magma overlain by
natrocarbonatite magma. The stratification is a result of silicate-carbonate immiscibility.
The high modal abundance of gregoryite and nyerereite phenocrysts in the lava
indicates that there was a high crystal content in the natrocarbonatite magma prior to
eruption, identified as a carbonate crystal mush (Dawson et al., 1994; Dawson et al.,
1996). (b) A new injection of nephelinitic magma intrudes into the magma chamber. As
the intrusion rises and cools, it undergoes immiscibility and partially separates into
carbonate and silicate melts, with the carbonate segregation accumulating at the top of
the intrusion. (c) The carbonate head of the intrusion disrupts the carbonate crystal
mush at the top of the magma chamber, and pushes silicate minerals into the carbonate
crystal mush. The high density of crystals enabled these silicate spheroids to become
trapped within the surrounding natrocarbonatite magma (Church and Jones, 1995;
Dawson et al., 1994; Dawson et al., 1996). The intrusion of new ascending melt may also
cause mixing within the surrounding magma. It cannot be specified whether the silicate
spheroids came from the intrusion or the surrounding nephelinitic magma.
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diverse unmixed phases at both themacro- andmicro-scale presents
clear evidence that several types of liquid immiscibility happen dur-
ing evolution of a single melt, both in the magma plumbing system
and during eruption.
3. Liquid immiscibility is rarely observed in the rock record due to
masking effects of crystallisation and alteration, but can be observed
in melt inclusion and experimental studies. The identification of
unmixing in the lavas' groundmass has the potential to provide a
new avenue for studying liquid immiscibility in natural magmas.
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Abstract
Perovskite is a common accessory mineral in a variety of mafic and ultramafic rocks, but perovskite deposits are rare and 
studies of perovskite ore deposits are correspondingly scarce. Perovskite is a key rock-forming mineral and reaches exception-
ally high concentrations in olivinites, diverse clinopyroxenites and silicocarbonatites in the Afrikanda alkaline–ultramafic 
complex (Kola Peninsula, NW Russia). Across these lithologies, we classify perovskite into three types (T1–T3) based on 
crystal morphology, inclusion abundance, composition, and zonation. Perovskite in olivinites and some clinopyroxenites is 
represented by fine-grained, equigranular, monomineralic clusters and networks (T1). In contrast, perovskite in other clino-
pyroxenites and some silicocarbonatites has fine- to coarse-grained interlocked (T2) and massive (T3) textures. Electron 
backscatter diffraction reveals that some T1 and T2 perovskite grains in the olivinites and clinopyroxenites are composed 
of multiple subgrains and may represent stages of crystal rotation, coalescence and amalgamation. We propose that in the 
olivinites and clinopyroxenites, these processes result in the transformation of clusters and networks of fine-grained per-
ovskite crystals (T1) to mosaics of more coarse-grained (T2) and massive perovskite (T3). This interpretation suggests that 
sub-solidus processes can lead to the development of coarse-grained and massive perovskite. A combination of character-
istic features identified in the Afrikanda perovskite (equigranular crystal mosaics, interlocked irregular-shaped grains, and 
massive zones) is observed in other oxide ore deposits, particularly in layered intrusions of chromitites and intrusion-hosted 
magnetite deposits and suggests that the same amalgamation processes may be responsible for some of the coarse-grained 
and massive textures observed in oxide deposits worldwide.
Keywords Coalescence · Recrystallization · Perovskite · Afrikanda · U–Pb ages · Electron backscatter diffraction · Kola 
Peninsula · Re-equilibration · Oxide deposit
Introduction
Oxide deposits formed by a range of magmatic, metamor-
phic and sedimentary processes (Borrok et al. 1998; Force 
1991; Hou et al. 2017; Irvine 1977; Latypov et al. 2017) are 
important sources of economically critical elements, like Cr, 
Fe, V, Ti and platinum group metals. Perovskite  (CaTiO3) 
is not currently mined but could be a significant future tita-
nium resource. This mineral is a typical accessory phase in a 
range of ultramafic and silica-undersaturated alkaline rocks, 
such as kimberlites, melilitolites, foidolites and carbonatites 
(Campbell et al. 1997; Chakhmouradian and Mitchell 1997; 
Nielsen 1980). In rare cases, perovskite is an abundant rock 
constituent, such as bebedourites in the Salitre alkaline com-
plex, Brazil (Barbosa et al. 2012), dunites in the Gardiner 
carbonatite complex, Greenland (Campbell et al. 1997; 
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Nielsen et al. 1997), and Benfontein kimberlite sills in South 
Africa (Dawson and Hawthorn 1973). However, perovskite 
deposits of significant tonnage and grade are exceptionally 
rare; the few examples, where the economic potential of the 
perovskite mineralisation has been explored are structur-
ally and texturally complex alkaline–ultramafic intrusions 
at Afrikanda in northwestern Russia (Herz 1976), Tapira in 
southeastern Brazil (Brod 1999), and Powderhorn in Colo-
rado, USA (Armbrustmacher 1981). It remains uncertain 
how the perovskite accumulated to ore-grade levels in these 
settings.
Scarcity of perovskite ore deposits has not entailed many 
genetic studies. Several scenarios have been proposed to 
account for perovskite-rich zones, the most common involves 
magmatic layering due to gravitational settling (Brod 1999; 
Dawson and Hawthorn 1973). On the other hand, perovskite-
rich segregations show textural similarities to other oxide 
deposits, so genetic models for oxide ores may be pertinent 
to the genesis of perovskite accumulations. Relevant models 
include in situ crystallisation (Charlier et al. 2006; Laty-
pov et al. 2013; Pang et al. 2007; Vukmanovic et al. 2013), 
magma mixing (Eales et al. 1990; Irvine 1977; Kinnaird 
et al. 2002), liquid immiscibility (Kolker 1982; Lister 1966; 
McDonald 1965; Zhou et al. 2005), mobilization of cumu-
late suspension from staging magma reservoirs (Eales and 
Costin 2012; Mondal and Mathez 2006), and a range of post-
magmatic ore-forming processes, including post-cumulus 
growth (Vidyashankar and Govindaiah 2009; Yudovskaya 
and Kinnaird 2010) and deposition from hydrothermal fluids 
(Cawthorn 2011; Harlov et al. 2016; Knipping et al. 2015; 
Pushkarev et al. 2015). The current array of contrasting 
genetic models for the formation of oxide deposits suggests 
that sources of metals and mechanisms of their accumulation 
are not exclusive and should not be pigeonholed.
Our study of perovskite from the Afrikanda alka-
line–ultramafic complex targets the understanding of mecha-
nisms responsible for the development of related massive ore 
textures. We describe the mineral assemblages and textures 
of the main Afrikanda lithologies and define three key per-
ovskite textural types and associated chemical trends. We 
discuss the stages of perovskite textural development in the 
ultramafic rocks at Afrikanda, and the possibility of similar 
processes operating in other oxide deposits worldwide.
Geological background
The Afrikanda alkaline–ultramafic complex is one of the 
smallest intrusions in the Devonian (~ 380 Ma) Kola Alka-
line Province that hosts more than twenty plutonic and 
subvolcanic bodies, including alkaline, ultramafic, car-
bonatite, and melilitolite suites (Kukharenko et al. 1965). 
The Afrikanda complex is a multiphase intrusion emplaced 
into Archaean gneisses of the Belomorian Mobile Belt dur-
ing rifting of the Fennoscandian Shield (Chakhmouradian 
and Zaitsev 1999; Kramm et al. 1993). The complex has 
a ~ 11.5 km2 circular shape at the current level of erosion, 
identified with gravimetric data as a 5 km thick ellipsoidal 
composite body with a NW-dipping conduit (Arzamastsev 
et al. 2000; Chakhmouradian and Zaitsev 2004). The com-
plex has a concentric internal structure (Afanasyev 2011; 
Kukharenko et al. 1965) and hosts texturally and modally 
diverse olivinites and clinopyroxenites, cross-cut by minor 
intrusions of carbonatitic and foidolitic rocks (Chakhmoura-
dian and Zaitsev 2004).
The olivinites and minor melilite-bearing olivinites 
are found as xenoliths (up to 7 m) in the clinopyroxen-
ites, implying that the former rocks represent the earliest 
intrusive phase at Afrikanda (Chakhmouradian and Zaitsev 
1999). The term “olivinites” is used to emphasize that mag-
netite and perovskite, not chromite, are the major opaque 
minerals and to maintain consistency with previously pub-
lished work on Afrikanda and other complexes in the Kola 
Alkaline Province and petrogenetically similar igneous prov-
inces elsewhere in Russia. Most of the intrusion is composed 
of texturally and compositionally diverse clinopyroxenites 
(Chakhmouradian and Zaitsev 2004). These clinopyroxen-
ites are coarse-grained in the centre and transition outwards 
from fine-grained to nepheline-bearing along the mar-
gins, before grading to melteigites. The perovskite ore and 
perovskite-bearing rocks are hosted in the coarse-grained 
clinopyroxenites, referred to in the Russian literature as “ore 
pyroxenites”, located in the central part of the complex. The 
ultramafic rocks often exhibit alternating oxide- and silicate-
rich layers that are considered to represent igneous layering 
(Chakhmouradian and Zaitsev 2004). The oxide layers are 
primarily composed of perovskite and titanomagnetite and 
are enriched in rare earth elements (REE) (Chakhmouradian 
and Zaitsev 2004; Yudin and Zak 1971).
A carbonatitic suite, also known as calcite–amphi-
bole–clinopyroxene rocks, occurs in the central part of the 
complex as branching veins (2 cm to 2 m thick) and seem-
ingly irregular (in outcrop) bodies that cross-cut the ultra-
mafic series (Chakhmouradian and Zaitsev 1999). According 
to the field, geochemical and mineralogical evidence, car-
bonatitic rocks are distinct from the clinopyroxenites, despite 
the abundance of diopside and perovskite in both. The 
carbonatitic rocks are mostly massive and coarse-grained 
to pegmatitic with modal proportions that change consid-
erably over a short distance, producing a succession from 
silicocarbonatites to calcite carbonatites (Chakhmouradian 
et al. 2008; Chakhmouradian and Zaitsev 2004; Pekov et al. 
1997). The silicocarbonatites show a widespread mineral-
ogical variability on a small spatial scale (Chakhmouradian 
et al. 2008; Chakhmouradian and Zaitsev 1999, 2002, 2004; 
Zaitsev and Chakhmouradian 2002). Alkaline feldspathoidal 
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rocks appear to be the last intrusive phase and are principally 
represented by the melteigite–urtite series. The bulk of these 
rocks is associated with the nepheline-bearing clinopyrox-
enites in the eastern part of the complex, but pegmatoid ijol-
ites comprising major nepheline, magnetite, perovskite and, 
locally, biotite also occur in the core as dikes cross-cutting 
the ultramafic and carbonatitic rocks (Chakhmouradian and 
Zaitsev 1999).
The Afrikanda perovskite-magnetite deposit is confined 
to the central part of the complex, dominated by coarse-
grained clinopyroxenites (> 50%) that host blocks of oli-
vinites and are cross-cut by carbonatitic and feldspathoidal 
rocks. The ore comprises 15–35 vol% Ti-rich magnetite and 
10–36 vol% perovskite, and shows wide variations in the 
abundance of silicate minerals and calcite, reflecting extreme 
petrographic heterogeneity of this deposit. The measured 
reserves, delineated to a depth of 300 m, include 34.3 Mt 
of ore averaging 12.5 wt% Fe and 8.3 wt%  TiO2 (Afanasyev 
2011).
Methodology
All instruments used for the characterisation of samples are 
housed at the University of Tasmania, Australia. Polished 
samples were analysed by backscattered electron (BSE) 
imaging, energy dispersive X-ray spectrometry (EDS) and 
electron backscatter diffraction (EBSD) using a Hitachi 
SU-70 field emission scanning electron microscope (SEM) 
in the Central Science Laboratory. The SEM is fitted with an 
Oxford XMax80 EDS detector and an HKL Nordlys Nano 
EBSD camera. Major and trace element and U–Pb isotope 
analyses of perovskite and titanite were conducted using an 
Agilent 7900 quadrupole ICPMS, coupled to a Coherent 
COMPex Pro 193 nm ArF excimer laser system equipped 
with a Laurin Technic (Resolution S155) constant geometry 
ablation cell at the School of Earth Sciences. Additional 
details are provided in the Appendix.
Petrography of rock units
Melilite-bearing olivinites
Melilite-bearing olivinites are fine- to medium-grained, 
inequigranular rocks composed of forsterite (0.3–2 mm), 
åkermanite (0.6–2.7 mm), perovskite (50–550 µm) and 
magnetite (0.2–1.5  mm), and cut by calcite and wol-
lastonite veinlets. Inclusions of euhedral perovskite 
(30–200 µm) are also found in all other minerals. Per-
ovskite grains are physically separated by serpentine. 
The preferential orientation of elongate forsterite and 
magnetite grains and ubiquitous serpentine in the same 
orientation defines a weak planar fabric in the rock. The 
interconnected networks and clusters of smaller euhedral 
perovskite grains enclose and distort the anhedral åker-
manite, forsterite and magnetite grains generating inter-
grown, irregular and concave shapes (Fig. 1a). Åkermanite 
is sodium-rich (2–3 wt%  Na2O) with thin rims of monti-
cellite (11–12 wt% FeO) surrounding some crystals. The 
Fig. 1  Backscattered electron (BSE) images of characteristic textures 
and mineralogy of the three main Afrikanda rock types. a Olivinites 
composed of large akermanite, olivine and magnetite grains enclosed 
by smaller perovskite grains. b Clinopyroxenite composed of diop-
side, magnetite and smaller perovskite grains. c silicocarbonatite 
composed of perovskite, calcite and titanite. Ak akermanite, Ttn titan-
ite, Prv perovskite, Mt magnetite, Ol olivine, Di diopside
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forsterite crystals (~ Fo86−88) contain up to 1 wt.% CaO 
and are partially replaced and cross-cut by serpentine 
with magnetite infill. Ferroan monticellite lamellae are 
observed within a few olivine grains (Fig. 2a). Magnetite 
is compositionally homogeneous with high Ti, Mg and Al 
contents (4–7, 1–2 and 1–2 wt% respective oxides).
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Clinopyroxenites
The examined clinopyroxenites are fine- to medium-grained, 
inequigranular rocks mainly composed of clinopyroxene, 
perovskite and magnetite with minor calcite, richterite, phlo-
gopite, magnesiohastingsite, titanite, chlorite and various 
REE minerals (Fig. 1b). Diopside (0.2 to 1 mm) is zoned 
with titanomagnetite and magnesiohastingsite lamellae 
(Fig. 2b) and inclusions of calcite, phlogopite and titanite. 
Diopside is partially replaced by magnesiohastingsite, bio-
tite and clinochlore. Perovskite shows a range in grain sizes 
(0.05 to more than 2 mm), shapes (rounded to irregular) 
and zonation (homogeneous to complexly zoned), and varies 
from chains of euhedral crystals to large areas of interlocking 
grains. Magnetite grains are rounded (0.3 to 1.3 mm, with 
rare grains up to 10 mm) and contain variable Ti, Mg and 
Al contents (< 4, 3 and 2 wt% respective oxides). Magnetite 
also contains lamellae of Mg-rich ilmenite (Fig. 2c), trellis-
like and irregular patches of ferroan spinel (< 25 µm) and 
Mn- and Mg-rich ilmenite (< 50 µm). The Mg-rich ilmenite 
lamellae contain small crystals of ferroan Ti-rich spinel (1 
to 3 µm) and baddeleyite (< 1 µm) (Fig. 2d). REE phases are 
observed as inclusions in other minerals, with ancylite-(Ce) 
in richterite, cerite-(Ce) in calcite, and ancylite-(Ce), cerite-
(Ce) and loparite-(Ce) in titanite.
Silicocarbonatites
The examined silicocarbonatite samples are extremely 
inequigranular (fine- to coarse-grained) and predominantly 
composed of calcite, diopside, perovskite, magnetite, mag-
nesiohastingsite and titanite. In perovskite-rich areas, calcite 
occurs as veinlets (up to 5 mm in width), euhedral crystals 
(0.3 to > 4 mm across) and interstitial to perovskite (0.3 
to 2 mm), and is the most abundant mineral in the sam-
ples (up to 50 vol%). Titanite and cerite (less common) 
are observed at the peripheral areas of the calcite veinlets. 
Titanite is the most abundant interstitial mineral, with REE 
minerals such as cerite-(Ce), loparite-(Ce) and ancylite-(Ce) 
found enclosed in the titanite. Magnetite has low Ti, Mg 
and Al contents (less than 1 wt%, respectively) and con-
tains lamellae of Mn- and Mg-rich ilmenite and irregular 
grains of Zn- and Fe-rich spinel. Perovskite shows a range 
of grain sizes (0.05 to more than 2 mm), shapes (rounded to 
irregular), and zonation (homogeneous to complexly zoned), 
and varies from small interlocking grains to large areas of 
massive perovskite (Fig. 1c). Perovskite also occurs as clus-
ters with accessory titanite, calcite, loparite-(Ce) and rare 
fluorapatite. For more detailed descriptions of the mineral-
ogy and textures of silicocarbonatites, the reader is referred 
to publications by Chakhmouradian and Zaitsev (1999, 
2002, 2004) and Zaitsev and Chakhmouradian (2002).
Perovskite textures
Three distinct perovskite textures are identified in the three 
main rock types at Afrikanda. These types are defined by 
their morphology, composition, zoning patterns and abun-
dance of multiphase inclusions (Fig. 3a–f).
Type one (T1) perovskite is observed in the olivinites and 
clinopyroxenites, characterised by interconnected polygonal 
crystal clusters and networks. The euhedral pseudo-octahe-
dral perovskite grains (50–550 µm) have straight boundaries 
with widespread 120° triple-junctions (Fig. 3a). Multiphase 
inclusions are abundant in grain cores. The number of inclu-
sions is dependent on grain size, with a general trend of 
more inclusions with increasing grain size. Most of the per-
ovskite grains exhibit no detectable zoning in BSE images, 
while a small number of grains along the zone of contact 
with magnetite grains have a lower-AZ rim (AZ = average 
atomic number). Perovskite T1 in the clinopyroxenites has a 
greater number of grains with a low-AZ rim along their con-
tact with both adjacent perovskite and magnetite grains. The 
perovskite grains neighboured by magnetite can also exhibit 
oscillatory zoning with multiple narrow bands along the 
grain boundaries (Fig. 3b). The grain boundaries between 
perovskite are straight, whereas boundaries with other min-
erals are curvilinear. The perovskite grain boundaries in the 
melilite olivinites and clinopyroxenites are clearly visible, 
however, EBSD revealed that some of these grains are a 
composite of several subgrains, each with slight deviations 
in crystal orientation (Fig. 4aiii,  biii).
Type two (T2) perovskite in the clinopyroxenites is repre-
sented by an intricate mosaic of interlocking anhedral grains 
(0.1 to 1 mm; Figs. 1b, 3c) and in the silicocarbonatites, 
by rounded grains (0.2 to > 2 mm) surrounded by intersti-
tial material (Figs. 1c, 3d). Triple junctions are observed 
between adjacent perovskite grains in the clinopyroxenites, 
at approximately 120°. Multiphase and monomineralic 
inclusions of phlogopite, magnetite, loparite-(Ce), calcite, 
titanite and fluorapatite vary from rare to abundant among 
the examined samples. Perovskite in the silicocarbonatites 
contains a greater proportion of monomineralic inclusions 
and fewer multiphase inclusions than that in the clinopy-
roxenites. Zoning is prominent in all perovskite grains and 
Fig. 2  BSE images of textural features in the Afrikanda rocks. a Fer-
roan monticellite lamellae in olivine from olivinites. b Titanomag-
netite lamellae in diopside from clinopyroxenite. c Mg-rich ilmenite 
lamellae in magnetite from clinopyroxenite. d Close up of c with 
small crystals of ferroan Ti-rich spinel and baddeleyite (white specs) 
in the Mg-rich ilmenite lamellae. e Titanite, REE-perovskite and 
loparite at T2 perovskite grain margins from clinopyroxenite. f Sym-
plectite-like intergrowths of titanite, rutile and ilmenite in T2 perovs-
kite from silicocarbonatite. Ttn titanite, Lpr loparite, Prv perovskite, 
Ilm ilmenite, REE-prv REE-rich perovskite, Mt magnetite, Spl spinel, 
Di diopside, Mtc monticellite, Rt rutile, Srp serpentine, Ol olivine
◂
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Fig. 3  Representative BSE images of the various perovskite textures. 
a T1 in olivinites. b T1 in clinopyroxenite. c T2 in clinopyroxenite. d 
T2 in silicocarbonatite. e T3 in clinopyroxenite. f T3 in silicocarbon-
atite. Cal calcite, Di diopside, Lpr loparite, Mt magnetite, Ol olivine, 
Srp serpentine, REE-prv REE-perovskite, Ttn titanite
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can be highly complex in some areas or individual grains. 
Large grains commonly display less compositional complex-
ity than the smaller grains. The zoning in the core is chal-
lenging to decipher due to compositional changes occurring 
along the grain boundaries and fractures (Figs. 3d, 5a). In 
BSE images, most grains have a darker core and compara-
tively lighter rim caused by differences in concentration of 
Na, light rare earth elements (LREE), and Nb (Fig. 5d). The 
changes in composition at the rims are not systematic, often 
showing irregular, embayed patterns (Fig. 5a). In some sam-
ples, perovskite has darker rim in areas where perovskite is 
in direct contact with magnetite or calcite (Fig. 5c).
Distinct areas of perovskite with elevated LREE contents 
(up to 20 wt%), reflected in their high AZ, are referred to 
here as REE-perovskite. The mineral ranges in size from 
20 µm to 1.5 mm and can exhibit irregular zoning due to 
differences in Na, LREE and Nb contents (Fig. 3d). The 
REE-perovskite forms irregular, cuspate shapes as halos 
around loparite-(Ce) in perovskite and at perovskite rims 
that are commonly in contact with interstitial loparite-(Ce) 
and titanite (Fig. 2e). Type 2 perovskite coexists with titan-
ite, calcite and loparite-(Ce); rare fluorapatite was also found 
in the silicocarbonatites. Titanite is zoned and forms irreg-
ular wedge-shaped crystals between perovskite, thin rims 
around perovskite and intergrown with interstitial ilmenite 
(0.2-1 mm). REE-perovskite and loparite-(Ce) associated 
with T2 perovskite are more abundant in the silicocarbon-
atites, which also contain a larger proportion of interstitial 
minerals. Perovskite grain boundaries can be difficult to dis-
tinguish in BSE images, especially in the silicocarbonatites, 
however, in the Euler images the boundaries are clearly vis-
ible (Fig. 4cii,  dii). The Euler patterns also show that in the 
clinopyroxenites, most large irregularly shaped grains have 
only one crystallographic orientation, while the smaller 
more-rounded grains still have differences in orientation that 
indicate the presence of subgrains (Fig. 4ciii). The irregular 
grain boundaries of large perovskite crystals suggest they 
developed from multiple smaller grains (Fig. 4cii). In the 
silicocarbonatites, the small and large perovskite grains have 
only one orientation (Fig. 4diii).
Type 3 (T3) in the clinopyroxenites and silicocarbonatites 
is represented by massive perovskite with patches of irregu-
lar zoning and rare multiphase inclusions. The intensity of 
the zoning varies across the samples, some areas are almost 
homogeneous and others exhibit complex patterns due to 
extreme variations in Na, LREE and Nb contents (Fig. 4b). 
Chakhmouradian and Zaitsev (1999) also reported small-
scale order-of-magnitude variations in Th in REE-perovskite 
and loparite-(Ce) mantling T3. These authors also described 
oscillatory growth patterns truncated by Na-REE (± Nb,Th)-
rich areas in euhedral cubo-octahedral crystals. Mineral 
inclusions of titanite, calcite, loparite-(Ce) and cerite are 
dispersed throughout massive perovskite and between 
perovskite grains. Generally, areas of perovskite with inter-
stitial minerals contain fewer mineral inclusions, and vice 
versa. Interstitial titanite can be intergrown with ilmenite and 
form large patches up to 1 mm containing scattered ilmen-
ite and perovskite. Symplectite-like intergrowths of titan-
ite, rutile and ilmenite (200–500 µm) are typical in some 
silicocarbonatites (Fig. 2f). Type 3 perovskite lacks easily 
distinguishable grain boundaries. The Euler images show 
that perovskite is massive, with the same crystallographic 
orientation for large areas of perovskite (Fig. 4eii,  fii).
Multiphase inclusions in perovskite
The perovskite-hosted multiphase inclusions in the three 
rock types show rounded, elongated and irregular shapes, 
and range from < 5 to 50 µm across. The inclusions are all 
identified as primary based on their random/unsystematic 
distribution within the grains and the lack of association 
with secondary features, such as healed fractures. The 
inclusions typically contain three to ten mineral phases 
and include anhydrous and water-bearing silicates, carbon-
ates, oxides, sulphides and phosphates. The abundance of 
multiphase inclusions and their mineralogical complexity 
decrease from the olivinites to clinopyroxenites and then 
silicocarbonatites. A detailed analysis and discussion on 
these multiphase inclusions will be presented in a subse-
quent publication.
Perovskite compositions
The textural types of perovskite in the three rock types vary 
in major and trace element compositions. The substituent 
elements show a negative correlation with Ca and Ti and 
a positive correlation with each other (Fig. 6a–d). Type 1 
perovskite has the lowest abundances of substituent elements 
and a limited range of compositions, notably up to 2 wt% 
REE and less than 1 wt% Fe (Fig. 6d). The range in element 
concentrations is greater in T2 and T3 perovskite due to 
their complex zoning patterns, with the most compositional 
scatter observed in T2 perovskite from the silicocarbonatites 
and T3 perovskite from the clinopyroxenites (Fig. 6). Type 
2 perovskite contains 1–7 wt% REE and up to 1.5 wt% Nb 
and Fe, while T3 perovskite has 4–7 wt% REE, 1–2 wt% Nb, 
and up to 1.5 wt% Na and Fe.
The REE budget of perovskite is dominated by cerium 
with the abundance of other lanthanides decreasing with 
increasing atomic number [La > Nd > Pr > Sm; (La/Yb)CN 
= 140–2300]. Chondrite-normalised REE patterns for all 
textural types exhibit a negative slope (Fig. 7). Overall, the 
chondrite profiles show a relative enrichment in all REE 
from T1 to T3, with a greater increase in light REE for T2 
and T3 compared to T1. The complete set of LA-ICPMS 
data is presented in the Appendix.
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U–Pb geochronology
Fifteen in situ U–Pb isotopic measurements were obtained 
for perovskite from the olivinites, 45 from the clinopy-
roxenites and 124 from the silicocarbonatites. All but one 
analysis were used in age calculations. Perovskite contains 
abundant common Pb and so concordia intercept ages using 
the Tera–Wasserburg plot are reported. The Pb isotope com-
position of calcite was analysed and used as a common-Pb 
anchor for the concordia intercept ages because this mineral 
has high Pb/U ratios. The measured 207Pb/206Pb value of 
calcite is 0.8277 ± 0.0039 and, thus, differs from the two-
stage Pb evolution model of Stacey and Kramers (1975) for 
380 Ma. Perovskite from all lithologies gives a concordia 
intercept age of 368.3 ± 1.2 +/- 7.48 Ma (including system-
atic uncertainties) with an MSWD of 0.80 and a probabil-
ity-of-fit of 0.98 (Fig. 8a). Perovskite ages for each of the 
analysed lithologies are reported in Table 1.
One hundred and eleven in situ U–Pb isotope analyses of 
titanite were obtained from the silicocarbonatites. Signifi-
cant scatter and discordance in the U–Pb system are pre-
sent. A concordia intercept age of 374.2 ± 5.3 Ma +/- 7.5 Ma 
(including systematic uncertainties) was calculated for data 
points, whose concordance was greater than 50%, using the 
calcite common-Pb anchor (see above; Fig. 8b). The com-




The Palaeozoic igneous complexes in the Kola Alkaline 
Province were emplaced during a relatively short time 
during the Late Devonian (380−360 Ma) with no reli-
ably post-Devonian magmatic events recorded to date 
(Arzamastsev et al. 2000). The Afrikanda complex was 
emplaced at ~ 380 Ma with other alkaline–ultramafic com-
plexes, including Kovdor, Turiy Mys, Lesnaya Varaka and 
Ozernaya Varaka (Arzamastsev and Wu 2014).
Our geochronological study of perovskite from the 
melilite olivinites, clinopyroxenites and silicocarbon-
atites yielded similar ages of 370.4 ± 5.4, 368.9 ± 2.9, 
368.1 ± 1.3, respectively (Table 1). Our average perovs-
kite age of 368.3 ± 1.2 Ma (Fig. 8a) is in good agreement 
with most of the previously published U–Pb ages for this 
intrusion (Fig. 9), including: 364 ± 3 Ma and 374 ± 10 
for perovskite from clinopyroxenite (Kramm et al. 1993; 
Reguir et al. 2010), 371 ± 8 Ma for perovskite from sil-
icocarbonatite (Reguir et al. 2010), and 377 ± 3 Ma for 
schorlomite from silicocarbonatite (Salnikova et al. 2018). 
Somewhat older ages were reported by Wu et al. (2010, 
2013) for perovskite from clinopyroxenite, calcite-bearing 
perovskite ore and ijolite–melteigite (376–385 Ma, aver-
aging 381 ± 2 Ma), and for calzirtite and zirconolite from 
clinopyroxenites (Wu et al. 2010). Several factors could 
be responsible for the slight age discrepancies between 
our data and the data of Wu et al. (2010, 2013), includ-
ing the choice of U–Pb calibration material, susceptibility 
of some analytical techniques to matrix effects, and the 
choice of a common-Pb anchor. Our study supports the 
contemporaneous emplacement of the various rock types 
(olivinites, clinopyroxenites and silicocarbonatites) in the 
Afrikanda complex, as indicated by the identical ages of 
the perovskite from the different lithologies (Fig. 9). Evi-
dence for the relatively rapid emplacement of the Afri-
kanda deposit comes primarily from the homogeneity of 
the perovskite U–Pb ages (MSWD of 0.80 for all perovs-
kite analyses), at least at the precision attainable with the 
LA-ICPMS system used. Additionally, our study presents 
new insights into the common-Pb isotopic composition 
of the Afrikanda perovskite and shows that the initial Pb 
isotopic composition of its parental magma is significantly 
more radiogenic than predicted by the two-stage model of 
Stacey and Kramers (1975).
U–Pb age data have not been previously reported for 
titanite from the Afrikanda complex. Significant scatter in 
the U–Pb system for titanite is a result of either Pb move-
ment within the titanite structure after crystallisation, or 
the incorporation of radiogenic and common Pb. Lead loss 
or partial re-setting of the U–Pb system during later re-
crystallisation events could also be responsible for some of 
the scatter (Fig. 8b). Using data whose concordance is bet-
ter than 50%, an age of 374.2 ± 5.3 Ma was calculated and 
is consistent with the perovskite results discussed above 
(Table 1). However, a range of younger titanite ages that 
are more discordant due to Pb loss suggest there may have 
been a re-setting or titanite crystallisation event.
Development of perovskite textures
The detailed textural and chemical examination of perovs-
kite in the olivinites, clinopyroxenites and silicocarbonatites 
Fig. 4  Structural analysis and crystallographic orientation of perovs-
kite grains in the different textures. a T1 in olivinites. b T1 in clino-
pyroxenite. c T2 in clinopyroxenite. d T2 in silicocarbonatite. e T2 
(right) and T3 (left) in silicocarbonatite. f T3 in clinopyroxenite. i 
BSE image of the area mapped with EBSD shows perovskite grain 
boundaries. ii EBSD map representing the orientation of neighbour-
ing perovskite grains in Euler space using colours to denote the 
variety of crystal orientations in space using Euler angles: φ1-red 
φ-green, φ2-blue. iii Inverse pole figure (IPF) map in the X or Z 
direction showing the variation in crystal orientation using colours. 
Black ovals show grains that are composed of subgrains with differ-
ent crystallographic orientations
◂
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revealed three perovskite types distinguished by morphol-
ogy, zonation, inclusion abundance and chemical com-
position. The olivinites host T1 perovskite (Figs. 1a, 3a), 
whereas the clinopyroxenites contain T1–3 perovskite 
(Figs. 1b, 3b–d) and similar T2 and T3 textures are observed 
in the silicocarbonatites. We have separated the geological 
interpretation of the ultramafic rocks (discussed below) from 
that of the silicocarbonatites. The focus here is primarily on 
the textural evolution of the olivinites and clinopyroxenites, 
because perovskite textures in the silicocarbonatites have 
been discussed previously by Chakhmouradian and Zaitsev 
(1999, 2004).
Olivinites and clinopyroxenites
Textures of rocks are the sum of all processes involved from 
the initial formation through maturation, and can be used to 
understand the sequence and nature of each of the evolution-
ary stages. However, the process of textural equilibration can 
effectively obscure features related to earlier developmental 
phases, so we can only speculate from the existing textures 
about the nature of a rock prior to recrystallization (Pike 
and Schwarzman 1977). In the case of the Afrikanda rocks, 
T1 perovskite forms chains and clusters and may suggest 
that at some point in the early history of the rock individual 
euhedral grains of perovskite were disseminated and then 
clumped together to form clusters and chains (Figs. 1a, 3a, 
Fig. 5  BSE images of zoning patterns in T2 and T3 perovskite 
(enhanced contrast in c, d). a Complex zoning crossing grain bounda-
ries in T2 clinopyroxenite. b Irregular zoning pattern in T3 clinopy-
roxenite. c The rims are enriched in REE (rare earth elements) and 
the cores are depleted in REEs in T2 perovskite in silicocarbonatites. 
The red dashed lines show the internal extent of zoning. d Dark rim 
(depleted in REE) in contact with calcite and loparite in silicocarbon-
atite. Lpr loparite, Ttn titanite, Prv perovskite, Cal calcite, REE-prv 
REE-perovskite
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b). However, we cannot provide clues on the origin of these 
individual perovskite grains due to the subsequent overprint-
ing events. Therefore, we focus here on development of the 
Afrikanda perovskite ore by reconstructing the later stages 
of mineral amalgamation and recrystallization.
Textural equilibration
The T1 perovskite aggregates consist of closely packed 
equigranular crystals with pseudo-octahedral shapes, 
forming straight boundaries that converge at ~ 120° triple 
junctions. This arrangement resembles granoblastic-polyg-
onal textures (Figs. 3a, 10a), as observed in monomin-
eralic cumulates, mantle-derived ultramafics and mas-
sive metamorphic rocks such as granofelses (Fig. 10a, b) 
(Higgins 2011; Holness et al. 2005, 2006; Hunter 1987; 
Kretz 1966; Wandji et al. 2009). Therefore, we suggest 
the granoblastic-polygonal texture of T1 perovskite indi-
cates that the host rocks have experienced dynamic tex-
tural equilibration. The granoblastic-polygonal texture 
of T1 perovskite in olivinites and clinopyroxenites dif-
fers marginally due to the variable abundance and dis-



































































Fig. 6  Bivariate plots of LA-ICPMS major- and trace-element chemistry of the perovskites. Symbols correspond to the four perovskite textures 
found in the Afrikanda rock types: olivinites (crosses), clinopyroxenites (circles) and silicocarbonatites (triangles)
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T1 clin op yrox en ite 
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Fig. 7  Chondrite-normalised REE diagram of the average composi-
tion of T1 to T3 perovskite in the Afrikanda complex
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the olivinites clumped together forming aggregates, but 
dispersed in clinopyroxenites forming chains. Textural 
equilibration is a well-known phenomenon in natural 
systems (e.g., Higgins 2015, 2017; Holness et al. 2006), 
but the bulk of empirical data, computer simulations and 
models comes from materials research, especially alloys, 
ceramics and thin films (e.g., Holm et al. 2016). Thus, our 
current understanding of textural equilibration is limited 
to relatively simple systems (from a geologist’s stand-
point) that differ both chemically and mechanically from 
oxide-silicate assemblages described in the present work. 
Another challenge in adopting materials science theories 
to rocks is terminology; for example, their use of the term 
“recrystallization” is essentially restricted to deformation-
induced phenomena, whereas processes addressed in this 
paper would be described as “grain growth due to anneal-
ing” [e.g., Chap. 11 in Humphreys and Hatherly (2004)]. 
According to previously published experimental evidence, 
the degree and style of textural equilibration depend on 
many parameters, notably temperature, pressure, grain 
distribution, modal homogeneity of the precursor, high-
temperature phase transitions, the presence of structural 
defects, and such kinetic factors as cooling rate (Clark 
et al. 1977; Humphreys and Hatherly 2004; Kreitcberg 
et al. 2017; McCloy et al. 2009; Syrenko and Klinishev 
1973). Because we observe no evidence for postmagmatic 
metamorphism at Afrikanda, and the subsolidus mineral 
assemblages common in the silicocarbonatites record a 
temperature range of 200–400 °C (Chakhmouradian and 
Williams 2004; Chakhmouradian and Zaitsev 2004), we 
assume the documented textural changes arose during 
cooling. The process involved grain boundary migration, 
boundary-angle adjustment, dislocation movement, loss 
of inclusions, and ultimately, coarsening of the grains 
Fig. 8  Tera–Wasserburg concordia plot for a perovskite and b titanite 
analyses. Symbols: a red circles are olivinites, blue squares are clino-
pyroxenites, grey diamonds are silicocarbonatites b grey and black 
triangles represent titanite around perovskite in the T3 and T4 silico-
carbonatites, respectively. Error crosses are 1 sigma, while concor-
dia intercept ages are 2 sigma. Systematic error component includes 
uncertainty in decay constants, uncertainty in primary calibration 
material and excess uncertainty factor of Horstwood et al. (2016)
Table 1  Summary of U–Pb ages of perovskite and titanite from sam-
ples of olivinites, clinopyroxenites and silicocarbonatites
Uncertainties are 2 sigma absolute and include uncertainties derived 
from random sources followed by uncertainties from random plus 
systematic sources of uncertainty calculated according to Horstwood 
et al. (2016)
POF probability-of-fit
Rock type Mineral Age (Ma) MSWD POF
Olivinite Perovskite 370.4 ± 5.4/ ± 9.8 1.3 0.19
Clinopyroxenite Perovskite 368.9 ± 2.9/ ± 7.9 0.84 0.76
Silicocarbonatite Perovskite 368.1 ± 1.3/ ± 7.5 0.74 0.98
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381±2 Ma
368±1 Ma
Fig. 9  Age summary of the alkaline ultramafic rocks in the Afrikanda 
complex. 1–3 Perovskite (circles) analysed in this paper. 4 Whole 
rock analysis (hexagon) in Kramm et al. (1993). 5–6 Perovskite data 
in Reguir et al. (2010). 7–9 Calzirtite (triangle) and zirconolite (dia-
mond) data in Wu et  al. (2010). 10–18 Perovskite and baddeleyite 
(square) data in Wu et al. (2013). 19 Schorlomite (pentagon) analysis 
in Salnikova et al. (2018)
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to minimise their internal and surface energies (Hunter 
1987). We suggest that after perovskite accumulation, slow 
cooling of the ultramafic rocks enabled the transformation 
of many small, randomly oriented and possibly irregularly 
fitted perovskite grains into the observed polygonal mosa-
ics (Figs. 1a, 3a, 10a).
Fig. 10  BSE images of granoblastic textures (a–d) SEM (e, f) Plane-
polarized light. a Equigranular mosaic of T1 perovskite from olivin-
ite in the Afrikanda complex with straight boundaries and 120° triple 
junctions. b Perovskite chains of T1 perovskite from clinopyroxenite 
in the Afrikanda complex. c Polygonal grains of Ti-magnetite in an 
Fe–Ti oxide ore layer at Panzhihua, China. d Disseminated equigran-
ular euhedral chromite, with some chains and aggregates from Mer-
ensky Reef, South Africa. e Chains of chromite grains in a xenolith 
hosted in a tertiary basalt from the Snowy Mountains, Australia. f 
Close up of (e). Chr chromite, Sil silicate minerals, Prv perovskite, 
Ilm ilmenite, Mt magnetite, Di diopside, Po pyrrhotite
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Perovskite coalescence and coarsening
Grain coalescence and coarsening are important processes in 
the late stages of textural equilibration (Doherty et al. 1997; 
Hunter 1987). In this section, we discuss grain growth dur-
ing subsolidus evolution of the ultramafic rocks at Afrikanda 
as a continuation of the previously recognised textural equi-
libration. The development of larger grains can either occur 
by grain boundary migration, i.e., through the dissolution of 
small crystals and simultaneous growth of larger crystals, or 
by grain coalescence, where adjacent grain boundaries are 
eliminated as similarly oriented crystals coalesce (Higgins 
2011; Li 1962). The application of EBSD in our study of 
perovskite enables us to identify and differentiate between 
these two types of grain growth (Humphreys 2001). Some 
large grains in T1 and T2 perovskite are composed of sub-
grains with slightly different crystallographic orientations 
(circled in Fig. 4a–c). These subgrains within larger perovs-
kite grains suggest the dominant mechanism of grain growth 
was grain rotation and coalescence. Experimental evidence 
has shown that coalescence is favoured over grain boundary 
migration at lower temperatures (Rios et al. 2005; Sandström 
et al. 1978; Varma and Willits 1984; Walter and Koch 1963). 
This further supports that the observed perovskite textures 
and their inferred transformation represent a postmagmatic 
environment.
The process of grain coarsening occurs via diffusion of 
vacancies in the crystal lattice, in an effort to eliminate or 
homogenise high angle, irregular, and large area bounda-
ries (Li 1962). These disequilibrium features are removed 
as adjacent crystals adopt similar crystallographic orienta-
tions and grain boundaries are eliminated as similarly ori-
ented grains coalesce into one larger crystal; this process is 
exemplified by T1 and T2 perovskite (circled in Fig. 4a–c) 
(Jones et al. 1979; Li 1962; Rios et al. 2005). These larger 
grains can continue to grow at low-angle boundaries with 
neighbouring small grains (Li 1962). Also during coales-
cence, the new grain boundaries straighten, removing 120° 
triple junctions by adjusting the dihedral angles of the adja-
cent grains. This process alters the morphology of the newly 
coalesced grain and neighbouring grains (see Fig. 4 in Rios 
et al. (2005)). Triple junctions are typical in T1 perovskite, 
while less common triple junctions in T2 are no longer 
strictly at 120° due to the boundary migration associated 
with grain coalescence (Fig. 3c; Vernon 1970). Type 2 per-
ovskite shows the best examples of grain coalescence, with 
EBSD images capturing grain coalescence “in progress” 
(like T1) and at completion. Larger T2 perovskite grains 
in the clinopyroxenites have some remaining triple junc-
tions and are composed of multiple misoriented subgrains 
of similar sizes to T1 perovskite (Fig. 4ciii). We suggest the 
large grains initially resembled T1 perovskite clusters prior 
to coalescence and have not completely adopted a uniform 
orientation. Further, we interpret the textural equilibration 
in the Afrikanda perovskite samples to indicate that coales-
cence and coarsening of small equilibrated polygonal clus-
ters (T1) enabled the development of a mosaic of larger T2 
polycrystalline grains with interlocking grain boundaries and 
smaller areas of massive T3 perovskite.
Effects of recrystallization
The coarsening of accumulated perovskite during recrystal-
lization in the Afrikanda complex is supported by the com-
plex chemical zoning patterns in perovskite and exsolution 
lamellae in the associated minerals.
Perovskite chemical zoning
Perovskite-group minerals serve as sensitive indicators to 
changes in parental environments through complex substitu-
tions of multiple elements in their structure (Chakhmoura-
dian et al. 2013; Mitchell et al. 2017). The variation in 
the composition and zoning of perovskite from T1 to T3 
records the chemical evolution of its crystallisation environ-
ment under open- or closed-system conditions. Zoning pat-
terns can be caused by chemical fluctuations in the parental 
medium, changes in the physical conditions during crystal 
growth, or solid-state redistribution of elements (Dowty 
1976a, b).
Perovskite in T1 is distinguished from T2 and T3 per-
ovskite by the state of textural equilibration and significant 
differences in chemical composition. Importantly, T1 grains 
have no internal zoning, consistently low REE values and 
minor compositional variation localized to the rims of some 
grains in contact with magnetite (Figs. 3b, 6a–d). Perovskite 
in the clinopyroxenite shows far more compositional vari-
ation, with simple zoning along perovskite grain contacts 
and oscillatory patterns at the contacts adjacent to magnetite 
(Fig. 3b). We interpret the internal compositional homogene-
ity to record textural equilibration of perovskite grains, and 
the minor zoning to arise from later metasomatic processes.
In contrast, T2 and T3 perovskite are significantly more 
complex with non-systematic and discontinuous zoning 
(Fig. 5a, b). Their composition is highly variable, particu-
larly with respect to REE contents (Fig. 6d) and is linked 
with the irregular and complex zoning patterns. Zoning in 
T2 and T3 perovskite could be associated with the develop-
ment of local chemical gradients during grain coalescence, 
where the differential diffusion of cations creates compo-
sitional complexity and irregularity superposed over the 
existing grain morphology (Fig. 6d). Perovskite in T3 is 
massive and most of T3 is relatively homogeneous, with 
some areas still displaying convoluted zoning with no clear 
pattern (Fig. 3e, f). We suggest these homogeneous areas 
re-equilibrated through solid-state diffusion removing the 
Contributions to Mineralogy and Petrology         (2018) 173:100  
1 3
Page 15 of 20   100 
complex zoning and physical impurities such as multiphase 
inclusions. Areas that are texturally heterogeneous under-
went limited textural re-equilibration; however, the zoning 
is still less complex or abundant than in T2 perovskite.
Controls on perovskite compositions
The composition of T1 perovskite is fairly homogeneous, 
while T2 and T3 vary significantly, reflecting changes in the 
availability of such elements as REE, Nb and Th (Fig. 6c, d). 
In T2 perovskite, these elements are primarily concentrated 
at the rims and along the grain boundaries (Fig. 2e, 5a, c, 
d). This type of zoning can be produced by selective cation 
diffusion during re-equilibration of perovskite with a fluid 
phase. This process has been invoked to explain perovskite 
zoning in some kimberlites (Chakhmouradian et al. 2013) 
and loparite-(Ce) replacement by cation-deficient phases in 
some alkaline rocks (Chakhmouradian et al. 1999). We sug-
gest the high-REE rims in the Afrikanda T2 perovskite are 
probably associated with the progressive infiltration of REE 
and other substituent elements into perovskite from a fluid 
percolating along grain boundaries and fractures (Fig. 2e). 
The formation of T3 perovskite was a continuation from T2 
polycrystalline grains, and resulted in higher levels of REE 
(on average) in T3 relative to T2 perovskite from the same 
rock type (Fig. 7). This enrichment in REE possibly required 
input of these elements from an external source (e.g., car-
bonatitic or alkaline magma; Chakhmouradian and Mitchell 
1997). We envisage that continuous flux of REE through the 
ultramafic intrusion under open-system conditions produced 
the compositional variations.
The presence of REE-perovskite and loparite-(Ce) as dis-
continuous rims and overgrowths on T2 and T3 perovskite 
(Figs. 2e, 5a, b) is also undoubtedly linked to the infiltra-
tion of a REE-rich fluid in an open system. We agree with 
Chakhmouradian and Mitchell (1997) that these minerals 
developed due to infiltration of REE-rich  CO2-rich fluid, 
which facilitated both fracturing and the uptake of REE 
(± Th ± Nb) in the perovskite structure. The infiltration of 
REE into the crystal structure produces a diffuse marginal 
zone of REE-perovskite (Fig. 2e), whose width is controlled 
by the kinetics of diffusion and the relative diffusivity of 
differently charged cations (Chakhmouradian et al. 2013). 
Similar perovskite–loparite-(Ce) reaction rims and mantles 
have been reported in other carbonatite complexes and, less 
commonly, in evolved kimberlites (Chakhmouradian et al. 
1999; Chakhmouradian and Mitchell 1997, 2000).
Exsolution lamellae
Exsolution lamellae are a common feature in minerals that 
have undergone re-equilibration to rid their crystal struc-
ture of impurities through solid-state diffusion (Putnis 2009). 
Exsolution textures in the olivinites and clinopyroxenites 
include monticellite lamellae in forsterite (Fig. 2a), magnet-
ite and magnesiohastingsite lamellae in diopside (Fig. 2b), 
and inclusions of spinel and ilmenite in Ti-rich magnetite 
(Fig. 2c, d).
Calcium is generally a minor constituent in forsterite, 
with concentrations lower than 1 wt% (Jurewicz and Watson 
1988; Simkin and Smith 1970). The rare occurrence of Ca-
rich exsolution phases, such as diopside and monticellite-
kirschsteinite, have been reported as a product of postmag-
matic transformation of olivine in terrestrial rocks (Gaeta 
1996; Markl et al. 2001; Xiong et al. 2017; Yufeng et al. 
2008) and meteorites (McKay et al. 1998; Mikouchi et al. 
1995). We interpret the textures in the Afrikanda samples 
to have formed by exsolution of Fe-rich monticellite during 
postmagmatic equilibration of Ca-rich forsterite. Elongate 
lamellae of oxide phases in pyroxenes are observed in mafic 
igneous and metamorphic rocks (Fleet et al. 1980; Garrison 
and Taylor 1981). Based on petrographic evidence, we sug-
gest that exsolution of Ti-rich magnetite and magnesiohast-
ingsite from the diopside host at Afrikanda also occurred 
during subsolidus equilibration.
Magnetite is observed in both rock types, but the compo-
sition and homogeneity (i.e., the nature and relative abun-
dance of exsolution lamellae) differs between the examined 
olivinite and clinopyroxenite samples. Exsolution textures 
in Ti-rich magnetite are common in mafic plutonic rocks and 
have been the subject of many researches (Haggerty 1991; 
Price 1980; Ramdohr 2013). Exsolution textures reflect the 
chemical composition and cooling history of the precursor 
magnetite (Buddington and Lindsley 1964; Howarth et al. 
2013; Von Gruenewaldt et al. 1985). The magnetite in the 
olivinites has the highest concentrations of Ti, Mg and Al 
and does not exhibit any exsolution lamellae. Magnetite in 
the clinopyroxenite samples has much lower levels of these 
elements due to preferential partitioning of Ti and Mg into 
ilmenite, and Mg and Al into spinel inclusions (Fig. 2d). 
The variation in magnetite texture between the two rock 
types supports the suggestion that they underwent different 
degrees of subsolidus re-equilibration.
Perovskite textures in the silicocarbonatites
Chemical composition and zoning
Perovskite zoning in the silicocarbonatites is more com-
plex than in the clinopyroxenites. The T2 perovskite has 
oscillatory zoning in the cores and irregular zoning at the 
rims (Fig. 5d) and in T3 massive perovskite has areas with 
oscillatory or irregular zoning, as well as homogeneous 
areas. The oscillatory zoning in T2 and T3 perovskite is a 
primary magmatic feature. The irregular complex zoning 
juxtaposed over primary growth patterns in these perovskite 
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varieties was caused by progressive infiltration of REE, Na 
and locally also Nb and Th into the structure during post-
magmatic fluid-driven alteration (Chakhmouradian and 
Zaitsev 1999). This process culminated with the deposition 
of REE-perovskite and loparite-(Ce) locally along the mar-
gin of, and fractures within, perovskite crystals (Figs. 3d, 
5c, d). Titanite crystallised after these minerals, indicating 
either an increase in silica activity, or a decrease in fluid 
temperature (Chakhmouradian 2004). The formation of 
symplectitic intergrowths of titanite with rutile and ilmenite 
(Fig. 2f) implies increasing fluid acidity or, more likely, a 
further decrease in temperature, which would expand the sta-
bility fields of both rutile and ilmenite at a given pH, p(CO2) 
and a(Fe2+) (Chakhmouradian 2004; Chakhmouradian and 
Mitchell 2002).
Occasional grains of T2 perovskite rimmed by low-REE 
material are much less common and could be produced by 
the inverse process, i.e., extraction of REEs from perovskite 
by percolating fluids (Fig. 5c). The compositionally homo-
geneous sections in T3 perovskite probably re-equilibrated 
through solid-state diffusion, which erased such primary 
textural characteristics as growth zoning and multiphase 
inclusions.
Textural development
In the silicocarbonatites, we observe irregularly shaped crys-
tals with continuous crystallographic orientation, similar to 
the clinopyroxenites; however, the small perovskite grains 
also have a single crystallographic orientation and are not 
a composite of subgrains (Fig. 4diii). The absence of EBSD 
evidence of subgrain coalescence and the preservation of 
oscillatory zoning in T2 and T3 perovskite suggests that the 
coarse-grained perovskite did not undergo the same coa-
lescence and amalgamation processes as those observed in 
the ultramafic rocks. However, the similarities in chemical 
composition, zoning patterns and associated minerals [e.g., 
titanite, REE-perovskite and loparite-(Ce)] indicate that the 
perovskite from both the ultramafic rocks and silicocarbon-
atites experienced the same fluid-driven alteration. We pro-
pose that the silicocarbonatites did not undergo perovskite 
recrystallization due to the lower solidus temperature of the 
silicocarbonatites compared to the ultramafic rocks. Also, 
the perovskite was initially fine-grained in the olivinites and 
clinopyroxenites but coarse-grained in the silicocarbonatites, 
so the difference in initial grain size may have impeded per-
ovskite re-crystallisation in the silicocarbonatites.
Textural similarities with other oxide deposits
Several textural features that support the process of perovs-
kite amalgamation and re-equilibration in the Afrikanda 
complex are observed in other oxide-rich igneous systems, 
namely chromite and magnetite deposits (Charlier et al. 
2006; Dill 2010; Mungall 2014), as well as mantle-derived 
lherzolites and dunites (Wandji et al. 2009), apatite in car-
bonatites (Chakhmouradian et al. 2017; Kamenetsky et al. 
2015), recrystallized nepheline syenites (Chakrabarty et al. 
2016; Ulbrich 1993) and magnesian-ilmenite xenolith/
xenocrysts in kimberlites and basanites (Mitchell 1973; 
Leblanc et al. 1982). These features include granoblastic 
mosaics, massive textures, grain coarsening and the transi-
tion from inclusion-rich to inclusion-free grains (Christian-
sen 1985; Ghisler 1976; Yudovskaya and Kinnaird 2010). 
Understanding the mechanisms responsible for the devel-
opment of these features in disseminated and massive ore 
bodies within chromitite and magnetitite layers remains 
ambiguous.
Granoblastic mosaics and massive textures
For comparison, we have chosen typical examples of ophi-
olite dunites, podiform chromitites and ultramafic xenoliths. 
Chains of connected euhedral chromite crystals observed 
in ultramafic xenoliths, igneous complexes like Bushveld 
(South Africa) and Fiskenaesset (Greenland) and the Oman 
ophiolite resemble networks of T1 perovskite (Fig. 10e). 
Granoblastic textures in peridotitic xenoliths from the sub-
continental lithospheric mantle are highlighted by the equi-
granular, euhedral olivine with interspersed linear chromite 
chains (Fig. 10e, f). The latter are similar to the T1 perovs-
kite chains at Afrikanda (Fig. 10b). The xenolith textures 
reflect metamorphic stresses that caused mineral grains to 
recrystallize into granoblastic mosaic textures with straight 
margins and 120° triple junctions (Pike and Schwarzman 
1977). At Bushveld and Fisknaesset, small chromite grains 
are generally euhedral to subhedral and form elongate 
chains, also reminiscent of T1 perovskite (Ghisler 1970; 
Sampson 1932; Yudovskaya and Kinnaird 2010). Silicate 
mineral inclusions are common and mostly restricted to 
grain cores.
Chromitites in the Oman ophiolite belt demonstrate an 
increasing grain size with deformation (Christiansen 1986). 
Christiansen (1985) described three morphological types of 
chromite (A, B and C) that are comparable to the three tex-
tural types of perovskite (T1, T2 and T3), respectively, in the 
present study. Type A consists of closely packed subhedral 
to euhedral chromite grains that mostly range between 0.5 
and 1 mm across and regularly host silicate inclusions. Type 
B is closely packed, subhedral to anhedral chromite grains 
between 0.1 mm and 4.5 mm in size with occasional silicate 
inclusions. Type C is composed of massive, closely packed 
and interlocking anhedral chromite grains with indiscern-
ible boundaries and an estimated size larger than A- and 
B-type grains. Christiansen (1985, 1986) proposed that the 
coarsening of chromite occurred during recrystallization and 
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was driven by strain-induced grain boundary migration and/
or grain growth driven by interfacial energy gradient. We 
suggest that a similar mechanism was responsible for the 
textural evolution of perovskite in the Afrikanda ultramafic 
rocks.
Chains of connected crystals with granoblastic-polygonal 
textures are also observed in disseminated magnetite ore 
from the Panzhihua layered mafic intrusion, China. In this 
intrusion, magnetite mostly forms net textures with densely 
packed clusters of polygonal grains with straight bounda-
ries and 120° interfacial angles (Fig. 10c) that resemble the 
granoblastic texture of T1 perovskite (Figs. 1a, 3a, 10a; Pang 
et al. 2007; Zhou et al. 2005).
The presence of both inclusion-rich euhedral grains and 
inclusion-poor anhedral grains is also observed in chromitite 
layers from the Oman ophiolite belt and the Fiskenaesset 
and Bushveld complexes (Christiansen 1985; Ghisler 1976; 
Yudovskaya and Kinnaird 2010). The transition between 
these textures can be associated with late post-magmatic 
processes including re-equilibration, post-cumulus growth 
and contact metamorphism. The development of these 
inclusion-free grains and the associated massive textures at 
Afrikanda and other oxide deposits will be discussed in a 
subsequent publication.
No conclusive and/or unifying model has been proposed 
to explain the ore distributions and textural transformations 
observed in the aforementioned mineral deposits. Tradition-
ally, the formation of oxide-rich seams, bands, stringers and 
layers has been linked to magmatic processes. Perovskite, 
chromite and magnetite deposits share textural features that 
could imply that their development involved similar mecha-
nisms. As we suggest for perovskite in the Afrikanda alka-
line–ultramafic complex, the initial crystallisation of oxide 
minerals (whether magmatic or not) is followed by their 
textural re-equilibration at subsolidus temperatures. This 
re-equilibration produces perceptible changes in the mor-
phology, size, orientation and compositional homogeneity 
of oxide mineral grains. From an exploration standpoint, the 
most important outcome of these processes is the accumu-
lation of early-formed crystals into high-density oxide-rich 
zones and their coarsening and “purification” to form high-
grade mineralized zones.
Conclusions
The textural and chemical examination of perovskite from 
the olivinites, clinopyroxenites and silicocarbonatites in 
the Afrikanda alkaline–ultramafic complex revealed three 
types of perovskite (T1 to T3) and lead to the following 
conclusions:
1. Perovskite from olivinites, clinopyroxenite and silico-
carbonatite yielded similar ages, with an average of 
368.3 ± 1.2 Ma. The perovskite and titanite ages support 
the contemporaneous emplacement of these lithologies 
at Afrikanda. The ages are slightly younger than previ-
ously published ages and could be due to discrepancies 
associated with the technique or reflect the timing of 
recrystallization.
2. In ultramafic rocks (olivinites and clinopyroxenites), 
the progressive coarsening of perovskite from small, 
euhedral, disseminated grains into large anhedral and 
massive grains, and the various textures and zoning pat-
terns is evidence of post-magmatic recrystallization and 
textural re-equilibration. We propose the post-magmatic 
development of perovskite involved three stages: (1) tex-
tural equilibration enabling the development of perovs-
kite clusters and chains after initial perovskite crystal-
lisation; (2) grain rotation and coalescence of the small 
equilibrated polygonal clusters to form larger anhedral 
polycrystalline mosaics; (3) in some areas the continued 
consolidation and coarsening transform the large poly-
crystalline perovskite into massive perovskite.
3. The textural similarities between perovskite from Afri-
kanda and chromite and magnetite layers in various 
igneous complexes suggest similar post-magmatic coars-
ening processes are also involved in the development of 
other oxide ore deposits with monomineralic layers.
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